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In recent years, the issue of the impacts of energy efficiency improvements on the 
consumption of energy and the sustainable development has concentrated increasingly 
the attention of researchers, scientists and policymakers. But are efficiency gains the 
key so that sustainable development or the so-called rebound effects, can compensate 
or even over-compensate, possible energy savings? Thus, a detailed analysis of the 
nature and the methods in which rebound effects are measured seems to be essential 
in order for policies and measures for its mitigation to be formed and then 
implemented.  
This paper aims at clarifying all the different mechanisms of the rebound effect 
concerning the distinct characteristics of each, the methods used for their estimation 
and of course intends to suggest policies for their mitigation. 
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Introduction 
 
Human activities, such as the use of fossil fuels, are one of the most important 
parameters for the ceaselessly augmenting concentration of greenhouse gases 
(GHGs), such as carbon dioxide (CO2), in the earth’s atmosphere. The concentration 
of such gases can have a very severe impact on the environment;  global warming, 
raising of the sea level, extreme weather events, bird migration and species extinction 
are only a few to mention  
Therefore, several non-profitable organizations have been generated, among which 
one of the most important is the Intergovernmental Panel on Climate Change (IPCC), 
that have as their main target the adoption of measures towards the remedy of climate 
change. Most of these measures are grounded on the improvements of energy 
efficiency, which are allocated to reduce the quantity of energy consumed and 
subsequently the CO2 emissions. For example, the  IPCC of the United Nations 
forecasts that by 2030 global energy consumption will have been reduced by 30%, a 
projection which is considered  to belong to the  depictions of the contemporary 
optimist thinking, like the Stern report (2007). The aforementioned, based upon 
projections conducted by the International Energy Agency (IEA), claimed that until 
2020 the carbon emissions will have been reduced by 40% thanks to energy efficiency 
improvements.  
 
 However, a great majority of these studies ignore the presence of the rebound 
effects. “Rebound effects” is an umbrella term for several reactions to the 
improvements of energy efficiency that lead to the inevitable reduction of the energy 
savings amount. In fact, there is evidence that in some cases, responses to energy 
efficiency improvements not only did mitigate possible energy savings, but also 
contributed to an increase in energy demand, the so-called “backfire”. The oldest 
example of this effect is the introduction of steam engines back in the 19th century 
which led to immediate greater economic productivity. A phenomenon that has been 
thoroughly observed by William Stanley Jevons (1865) in his book “The coal 
question”. More specifically he noted that “the reduction of the consumption of coal, 
per ton of iron, less than the one third of its former amount, was followed, in
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 Scotland, by a tenfold increase in total consumption, during the period from 1830 
until 1863, not to mention the indirect effect caused by the cheap iron and its results 
in accelerating other coal-consuming branches of industry”. The occurrence of a 
backfire derived by energy efficiency enhancements is also known as “Jevons’ 
Paradox.”  
 In the literature there is a great variety of definitions regarding the rebound 
effect, some of them are presented below: 
« The rebound effect refers to a behavioral or other systemic response to a measure 
taken to reduce environmental impacts that offsets the effect of the measure. As a 
result, the environmental benefits of eco-efficiency measures are lower than 
anticipated or even negative. » (Hertwich, 2005) 
TDM Encylopedia (2002) defines rebound effect as a law of demand: « A program or 
technology that reduces consumer’s costs tends to increase consumption, where costs 
include financial costs, time, risk or discomfort. » [Cited in Hofstetter 2006] 
« Rebound effect can be described by the consumption feedback loops of product 
modification. Rebound effect results in market-demand changes induced by 
introduction of modified products. » [Girod 2010] 
« The rebound effect deals with the fact that improvements in efficiency often lead to 
cost reductions that provide the possibility to buy more of the improved product or 
other services. » [Thiesen et al. 2011] 
All of them classify the rebound effect into three main groups, according to 
the type and the amplitude of rebound: direct, indirect and economy wide. Where, the 
economy-wide rebound effect is the sum of the two first. Their relationship is 
illustrated in the Figure 1.  
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Figure 1: Illustration of the relationship among the three types of the rebound effects.  
 
Direct rebound effect 
 
The first attempt for the direct rebound effect to come to the fore was made by 
Daniel Khazzoom (1980) and refers to the case of the intensified consumption of a 
specific type of energy or energy service, after energy efficiency improvements had 
taken place in this specific type of energy or energy service. 
At a micro-economic level the direct rebound effect is decomposed into two 
effects; the income effect (or re-spending effect (Schipper and Grubb, 2000)) and 
substitution effect.  
If we contemplate the case from the consumer’s point of view, by using the 
term of “income effect” one refers to the situation when the demand for heating, 
lighting or car travelling increases because energy efficiency improvements have 
made them cheaper (Sorrell et al. (2011)). For example, energy efficiency 
improvements in gasoline make the fuel cheaper and thus the consumer tends to drive 
more than before. On the other hand, as far as  the scope of a producer is concerned ,  
the income effect (or else output effect (Sorrell (2007)) emerges when higher output 
can be achieved through  using more of an input, as energy efficiency improvements 
have offered considerable  cost savings.  
The substitution effect for a consumer appears when the level of usage 
remains constant, but he substitutes an already efficient service for an expensive one. 
The most common example is when a consumer prefers his own vehicle to reach his 
Direct 
Rebound 
Indirect 
Rebound 
Economy-
wide 
Rebound 
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destination instead of public transportation. In the case of a producer though, the 
substitution effect accrues when inputs such as capital, labor or other material are 
substituted for the low-priced energy service in the production of a fixed amount of 
output. 
  
Indirect rebound effect 
 
 As it has already been mentioned, the direct rebound effects are based upon 
the microeconomic theory;   indirect rebound effects on the contrary, are based on 
macro- economy, a characteristic which makes them even more complex. An Indirect 
rebound effect springs up when the efficiency growth in a particular type of energy or 
energy service boosts the consumption of a different type of energy or energy service.  
 Similarly to the direct rebound effect, the indirect is also divided into two 
effects; the secondary effects and the embodied energy.  
 When energy efficiency improvements in a particular energy service lead to 
greater amounts of energy consumption in another energy service, the secondary 
effect is what we are left with. This is possible to be called forth because of income 
effects over passing the boundaries of the energy service entailing the efficiency 
improvements.  
 As embodied energy we call the energy that is required for the production, 
installation or consumption of a more efficient energy service or product. For 
example, for the installation of thermal insulation some extra amount of energy is 
necessarily required.  
  
 Economy-wide rebound effects 
 
 The sum of the direct and indirect rebound effects form the economy-wide 
rebound effects. Even if the level of indirect rebound effects seems to be 
comparatively unimportant, the aggregate impact of energy efficiency enhancements 
in total can exert great influence. In particular, energy efficiency enhancements 
probably will lead to lower energy prices and/or to economic growth and thus energy 
demand will increase.  
The above classifications are illustrated in the following diagram: 
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Figure 1: Diagrammatic representation of the classification scheme. 
The magnitude of each effect varies according to the circumstances under which it 
takes place and in some extreme cases it can also be negative. For example, due to 
income effects the energy consumption of an inferior good/service is possible to end 
up in being significantly lower. Theoretically speaking, the occurrence of negative 
economy wide effects is likely to happen in the case of super-conservation.   
 
A lot of studies have been concentrated on estimating the magnitude of the 
rebound effects with several methodological approaches. These approaches differ 
from one another because of the type of the rebound effect studied (direct, indirect, 
economy-wide) and the group concerning the amount of energy consumption 
(household, industry, country or even globally). The most widely summoned up 
methods are the ‘quasi-experimental’ and the ‘econometric’ ones,  concerning the 
case of direct rebound effects and computable general equilibrium (CGE) while 
modelling is quite common mainly in the case of economy-wide rebound effects. 
 
In chapter 1 a literature review of the existing studies whose main topic is the 
rebound effect, is presented. The literature review concerns studies for the direct 
rebound effects focusing on those of the producing sectors and mainly in the study of 
Saunders (2010) for the US. Additionally, a brief review regarding the studies on the 
indirect rebound effects will be presented following. However, the main body of the 
review focuses on the economy-wide effect and the different methodological 
approaches that are used for its estimation; the neoclassical growth model, the 
Economy-wide 
rebound effect 
Direct rebound 
effect 
Income/output 
effect 
Substitution 
effect 
Indirect 
rebound effect 
Secondary 
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Embodied 
energy 
Approaching and analyzing the rebound effect  
towards sustainable development   Introduction 
[5] 
 
econometric models, the general equilibrium models and some hybrid macro-
economic models.  
 
In chapter 2 the problem of the rebound effect is now clearly defined and the 
quasi-experimental approach along with the econometric approach is analyzed. A 
more detailed analysis of the studies focusing on the direct rebound effect is provided, 
within which quite a few methods are described and compared with each other. The 
studies concern the cases of personal automotive transportation and household 
heating, as these two sectors have gathered the greatest amount of studies. Moreover, 
the mechanism of the indirect rebound effect and the economy-wide rebound effect 
are explained in detail.  
 
In chapter 3 the relation between the rebound effect and sustainable 
consumption is discussed. First, a brief presentation of the history of sustainable 
development is presented, containing several actions towards the goal of sustainable 
development at a global level. Moreover, an analysis concerning the impacts of 
energy efficiency in the sustainable development, the energy productivity, the energy 
use and the taxes is presented. Finally, measures and actions towards sustainable 
development have been contained in this chapter.  
 
Chapter 4 covers an analysis of the life cycle assessment (LCA) containing a 
brief presentation of its history and the several factors, such as the Society of 
Environmental Toxicology and Chemistry (SETAC) and the International 
Organization for Standardization (ISO), that contributed to its development 
throughout the  years. Moreover, fields where an LCA can be applied are mentioned 
and also through an example of an LCA study, the LCA’s contribution to the 
examination of the rebound effect is shown. At last, chapter 5 contains an presentation 
of three different policies that can be imposed for the mitigation of the rebound effect.  
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Chapter 1 
Literature review 
During the recent years the issue of the climate change has drawn rising attention. 
Policies and frameworks that support and promote below-cost efficiency 
technological improvements have been conceived in order to enhance the role of 
energy modernization and decarbonization. The possible reductions of carbon due to 
these technological improvements may be less than it has been estimated because of 
the rebound effect (Wigley, 1997). The rebound effect (or else take-back effect) is the 
phenomenon where a percentage or the total of the estimated reductions in the 
consumption of energy thanks to  improvements in energy efficiency is set aside by a 
rise in demand for energy services
1
  , resulting in reductions in effective price 
(Greening et al. (2000)); a phenomenon that had already been mentioned much earlier 
by Jevons (1905) by noting that the consumption of energy is quite possible to be 
increased due to energy efficiency improvements rather than reduced. The reduction 
in effective price is a result of the above improvements and depends on the underlying 
cost structure. Nevertheless, the scale, the scope and the definition of rebound effects 
remain debatable and will be analyzed later (Brookes (1990); Grubb (1990)).  
In the literature there are mentioned three different mechanisms which are possible to 
decrease the total savings of energy accomplished: the direct rebound effects, the 
indirect effects and the economy wide effects (Greening et al., (2000)). 
• The direct rebound effect: an increase in energy consumption is noted because 
of a lower effective price due to an improvement in energy efficiency. This will have 
as result the offsetting of the mitigation of energy consumption obtained by an 
improvement in energy efficiency. 
• The indirect rebound effects: the demand for other goods or services that also 
have need of energy for their consumption or usage is affected by the lower effective 
price. The most common example is the offsetting of savings in costs because of a 
more efficient heating system by making an overseas trip. 
                                                          
1
     Energy services refer to the commodity, which is actually used or demanded, i.e., refrigeration, 
motive power, hot water and process heat. 
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• The economy-wide rebound effects: addresses how a reduction in the effective 
price of energy services influences the price of intermediate and final goods all over 
the economy, leading to a sequence of changes in prices and quantities. As a result of 
such a procedure, sectors and goods that are strongly related to the use of energy to 
have an advantage concerning the expense over those that are less related to energy 
sectors and goods. When the economy-wide rebound effect exceeds the 100% of the 
estimated energy savings the mechanism is called “backfire”. In this case, the energy 
consumption will be increased as a whole, despite the upgraded energy efficiency.  
1.1 Direct Rebound Effects  
At a microeconomic level, the quantity of energy that is required in order for an 
energy service to be provided will be decreased because of a below-cost improvement 
in energy efficiency and consequently the effective cost of this service will also 
decrease. This is possible to result in the appearance of two effects, the “income 
effect” where a direct increase in the demand for this specific service will occur 
(regarding the producers the “income effect” is replaced by the “output effect”) and 
the “substitution effect” where the now-cheaper energy service work as a substitute 
for other services or goods.  
The magnitude of the rebound effect is affected by two crucial factors, the elasticity 
of demand for energy services and the level at which a specific energy service is able 
to substitute another input such as capital or labor. Elasticity holds an important role 
because efficiency improvements lead to a significant drop in the price of the related 
energy service concerning the producers as well as the consumers too. According to 
Greening (2000) and Sorrell (2007), mainly as far as the consumers in developed 
nations is concerned, direct rebound effects are most of the times less than 100% 
because of the inelastic energy demand (less than 1.0) while according to Saunders 
(2010), especially in the productive sector direct rebound effects can obtain high 
values and even backfire if the possibility of substitution of energy for other features 
of production is high.  
Also, Sorrell (2007) has noted that for the determining the level of direct rebounds, a 
critical factor is the degree to which the demand for a specific energy service has been 
saturated. On one hand Sorrell mentions that in developing countries, where the 
demand for electricity and steel is to a large extent unfulfilled, the rebound effect is 
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likely to be high, while in developed countries, where the demand for electricity or oil 
has already been saturated, the rebound effects are estimated to be lower. Researches 
at a global level have shown that because of the fact 1.6 billion people do not have 
access to electricity and about 2.5 billion consume primitive biomass, such as dung 
and wood, for heating and cooking (Sorrell (2007)) the demand for energy services is 
cumulated. According to Schipper and Grubb (2000) and IAC (October 2007) this 
might have as a possible result the appearance of greater direct rebound effects in 
developing nations. The paper of Zein and Elabdin (1997) examining the direct 
rebound effects in Sudan that followed after efficiency improvements   in stoves 
found a direct rebound effect of 42%. In addition, Roy (2000) in his paper detects 
direct rebound effects in three separate sectors in India, ranging from 50 up to 80%. In 
general, there are plenty of studies similar to those two above, that deal with direct 
rebound effects in end-use consumer energy services rather than rebounds in 
industrial or commercial sectors. This may happen because globally the two-thirds of 
energy are used for the production of goods and services and not to end-use energy 
services (ExxonMobil, (December 2009)).  Most of the analysis, except for the one of 
Saunders (2010), captures short-sun rebounds underestimating long-run direct 
rebounds, because they fail to  capture effects of the whole industry or effects of a 
slower capital turnover (Greening et al., (2000)).  
Another significant factor that determines the level of direct rebound for firms is the 
grade at which an energy service is possible to work as a substitute for other inputs in 
the production process of the industrial sector (Saunders, (1992), (2000b), (2010)). 
The elasticity of substitution during production procedures is empirically estimated in 
some cases to be higher than 1.0, a fact that may lead to large direct rebound and in 
some cases even backfire, but most of the cases result in values less than 1.0 
Greening, et al (2000). The lack of concrete evidence for the production sector in 
developed economies leads the authors in surveying econometric estimates in various 
sectors regarding the substitution liaisons between energy and other features of 
production, resulting in substitution elasticities fluctuating from 0.4 to 0.8 with only a 
few exceptions where the values were greater than 1.0. The author’s conclusion about 
the rebound effects from substitution is that its value is too small to moderate 
(Greening, et al. (2000)).  
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What Saunders (2010) tried to do with his paper, was cover the absence of estimations 
regarding the production sector, including an econometric analysis of historical 
rebound effects for 30 producing sectors in the U.S. economy. Saunders’s 
methodology is considered to be a new severe approach for whoever wants to analyze 
the rebound effects in manufacturing and commercial sectors. The long-run rebound 
effects because of substitution ranging from 10% to 90% depending on the sector. 
Those results seem to be roughly consistent with the substitution elasticities measured 
by Greening, et al. (2000). Most of the sectors that have been studied note long-term 
rebound effects caused by substitution around 20-50%, with the producing sector 
prevailing over the end-use consumer sectors (table1.1).  
Here, the “output effect” is also under examination; this is a kind of rebound effect 
where the demand for a business product increases because of its lower prices which 
came after improvements in energy efficiency and productivity of other factors had 
taken place. Also, if a lower price of the product will not pass on the consumers the 
firm could benefit from the lower production costs by expanding production and 
therefore will consume more energy than before.   
According to Greening, et al. (2000) for the majority of the products the share of 
energy in the aggregate of the cost is less than 10% thus the rebound effect in the 
specific case is small. Of course there are cases where the products are very energy-
intensive and the elasticity of demand is high. Moreover, the Saunders (2010) 
estimations concerning the thirty producing sectors have shown that the range of the 
long-run output rebound effect is from 0% up to 15% and some sectors with energy 
intensive production procedures reach higher percentages of some20-30% (table1.1).  
To conclude, direct rebound effects, both substitution and output, caused by 
improvements in the efficiency of energy services are estimated to fluctuate between 
20% and 60%, with the higher percentages to be held by sectors that depend largely 
on energy, where other elements of production are simply substituted (table1.1). His 
results were questioned by several researchers because of possible inconsistencies 
with actual data and deficiencies in the model such as the exclusion of important 
factors (e.g. labor unions) in the estimations (Afsah, 2012).  
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Table 1.1: Scale of Direct Rebound for Producing Sectors 1991-2000. 
 
Source: Saunders (2010)  
 
 
 
 
 
 
Sector
Long-term 
rebound
Share of RE 
due to 
substitution
Share of RE 
due to output
Long-term 
RE from 
substitution
Long-term RE 
from output
Electric utilities 120% 75% 25% 90% 30%
Transportation 59% 57% 43% 34% 25%
Services 25% 90% 10% 13% 3%
Chemicals 53% 38% 62% 20% 33%
Construction 58% 94% 6% 55% 3%
Primary Metals 66% 84% 16% 55% 11%
Agriculture 39% 47% 53% 18% 21%
Financial Industries 61% 95% 5% 58% 3%
Government Enterprises 40% 87% 13% 35% 5%
Food & Kindred Products 40% 98% 2% 39% 1%
Paper & Alied Products 44% 80% 20% 35% 9%
Stone,Glass,Clay 55% 82% 18% 45% 10%
Machinery,non-electircal 14% 71% 29% 10% 4%
Fabricated Metal 40% 96% 4% 38% 2%
Electric Machinery 41% 95% 5% 39% 2%
Lumber and Wood 45% 89% 11% 40% 5%
Rubber & Miscellaneous Plastics 37% 93% 7% 34% 3%
Textile Mill Products 37% 89% 11% 33% 4%
Motor Vehicles 29% 97% 3% 28% 1%
Non-metallic Mining 54% 73% 27% 39% 15%
Communications 60% 100% 0% 60% 0%
Transportation and Ordinance 23% 96% 4% 22% 1%
Printing,Publishing & Allied 25% 93% 7% 23% 2%
Instruments 32% 51% 49% 16% 16%
Apparel 52% 96% 4% 50% 2%
Metal Mining 51% 73% 27% 37% 14%
Furniture & Fixtures 19% 96% 4% 18% 1%
Misc. Manufacturing 27% 95% 5% 26% 1%
Leather 30% 97% 3% 29% 1%
Tobacco 46% 70% 30% 32% 14%
OVERALL 62%
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1.2 Indirect rebound effects  
Apart from the direct rebound effects that have already been mentioned above there 
are some mechanisms that indirectly lead in an indirect way to a rebound in demand 
for other energy services. The exact scale and magnitude of indirect effects are 
difficult to be observed and consequently to be estimated because these mechanisms 
act in a less visible and direct way.  
1.2.1 Embodied energy effects 
Net energy savings are possible to be offset by a share because of the energy that is 
required in the procedure of producing and installing an energy saving technology, the 
so-called embodied energy effect (Sorrell, (2007)). The most common example is this 
of the thermal insulation that aims at reducing the amount of energy needed to provide 
thermal comfort to a dwelling but the stages of production, transportation and 
installation of the equipment require energy.  
Because of the small amount of the essential energy “makes-ups” of the inputs used to 
manufacture most products the rebound effect in the demand for energy determined 
by this embodied mechanism is also quite small. Also, as the improvements in savings 
over its lifetime are more efficient so the embodied energy rebound effects will also 
be less (Sorrell, (2007)). More specifically, in reference with the thermal insulation 
for buildings, some studies have shown that only a few months are enough in order 
for the aggregate energy savings to exceed the embedded energy, with the insulation 
lifetime to be twenty five years or more (Sorrell, (2007)), and having made clear that 
the embodied rebound effect is relatively small. However, this is not always the case. 
There are cases, like this of the double glazed windows where in order for the energy 
savings to be greater than the embedded energy several years have to pass by. The 
amount of the years required, depend on the lifetime of windows. There are quite 
many studies that estimate the payback periods for embedded energy in energy 
efficient new building construction to last from one year to fifteen or more depending 
on building types, climate conditions and materials (Sorrell, (2007)). Assuming that 
the new structures have an average lifetime of one hundred years, the embodied effect 
will cause rebounds of 1-15%.  
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Kaufman and Azar Lee (1990) conducted an unusual study regarding the embedded 
energy of the purchase of capital equipment used for the efficiency improvement of 
the industrial production. In order to be able to calculate the embodied energy effect, 
the authors used a simplified method made in the U.S. forest products industry during 
the years 1954-1984 and were lead to noteworthy indirect rebounds ranging from 18% 
to 83% of the technical energy savings. Studies have shown that as incremental 
improvements in efficiency were pursued beyond the time period studied the 
embodied energy rebound effects tended to increase, leading to reduced returns in 
energy savings due to the increased capital that was necessary for the substitution of 
energy inputs in order for the subsequent marginal efficiency opportunity to be 
captured (Sorrell, (2007)).  
In general, the embodied rebound effect is possible to be noteworthy only in cases 
where there is a long payback period regarding the efficiency improvements, a 
production and installation requirements that are energy intensive and/or of short 
lifecycle. On the other hand, for an efficiency improvement that is cost-effective and 
uses a small amount of energy or its lifespan is short the embodied rebound was 
smaller than 15%.  
 
1.2.2 Secondary Effects (Re-spending and re-investment effects)  
In the case where the direct rebound effects tend to be small consumers will observe a 
net reduction on their expenditures concerning energy resulting from improvements in 
efficiency that are below-cost. The decreased expenditures will result in real incomes 
higher than before. The extra amount of money from cost savings would probably be 
allocated to the purchase of other services or products, which undoubtedly need 
energy, too. Similarly, producers who gain in savings of energy from efficiency 
improvements tend to use these savings in order to raise the output of other products. 
Additional indirect rebound in energy demand will occur not only because of the extra 
demand for energy inputs but also the demand for other  inputs such as capital, 
materials or labor that are essential for the process of production.  The indirect 
rebound effect caused by the direct effect and the re-spending effect can be offset by a 
higher direct rebound effect which lead to lower aggregate energy savings available to 
be relocated (and vice versa). The conclusions about the exact magnitude of the re-
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investment and re-spending effects cannot be accurate because of the lack of evidence 
even until now days and the limited effort for quantification (Sorrell, (2007)). The 
effect of re-spending is quite low because it is proportionate to the portion of energy 
consumption in marginal consumer spending (Laitner, (2000); Schipper and Grubb, 
(2000); Greening et al., (2000)). For example, a very small re-spending effect was 
noted in the case of the U.S. where the direct consumption of energy, electricity and 
fuel, is approximately 10% of the consumer expenses per capita (Boyce and Riddle, 
(2007)). Attention must be paid to the case of other services and goods where 
embodied energy is estimated to vary from one-third to two-thirds of aggregate 
household energy consumption (Sorrell, (2007)). According to studies the aggregate 
re-spending rebound effects concerning consumers, where effects on indirect energy 
consumption related to non-energy goods and services are also included, is possible to 
lead rebounds to the scale of 5-35%, while studies indicate even higher values 
(Sorrell, (2007)).  
For a business the cost for energy inputs hold a small percentage of its total costs, 
most of the times less than 10% (Greening et al., (2000)) and therefore the re-
investment effect is expected to be quite unimportant. What is more, given the fact 
that a firm’s target is to gain mastery in a very competitive environment they will try 
to eliminate their costs by decreasing the prices, policy that on the one hand will lead 
to the prevention of the re-investment effect and on the other may activate direct 
rebounds. 
 
1.3 Macroeconomic effects (Economy-wide effects) 
The subject of the rebound effects has been a lot under debated because of the two 
different prevalent approaches; the energy-engineering approach and the traditional 
economics approach. Their main difference lies on the fact that the first approach 
recognizes no-regrets options
2
 for energy efficiency and is mainly applied on 
                                                          
2
 No regrets options are by definition GHG emissions reduction options that have negative net costs, 
because they generate direct or indirect benefits that are large enough to offset the costs of 
implementing the options. (IPCC) 
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“bottom-up”3 energy systems models whereas the second approach does not recognize 
any no-regret policies, excluding the case of market failures, and is applied on “top-
down”4 models where market failures are not assumed. This debate is also enhanced 
by two different assumptions regarding the source of the energy efficiency 
improvements, whether they are due to energy efficiency policies or an overall 
development of the equipment used. The importance of this lies on the fact that when 
it comes to policies and measures a high need for investments emerges, so that the 
energy-saving equipment proves to be effective, whereas in the case of an overall 
technological progress in the top-down models  there is no such cost (‘manna from 
heaven’).  
Brookes (1990), a supporter of the traditional economics, supported that the benefits 
from development in energy productivity, which was brought about through 
technological improvements, have been faded due to an on-going rapid growth in 
overall productivity and production and therefore a greater use of energy.  
In his paper, he has pointed out two fallacies regarding the energy efficiency. The first 
one is the mistaken view that what is happening at an individual level is automatically 
true at a macroeconomic level. By putting the first fallacy in other words he identifies 
the incorrect belief that energy-using actions in the economy are not affected by the 
inherent price of energy falls.  
By investigating two different scenarios, where in the first energy price is a constraint 
at the level of economic activity and the second is not, Brookes ends up with the 
conclusion that the use of energy and the greenhouse gas emissions tend to increase as 
policies for energy efficiency are being adopted unless energy prices rise at the same 
period.  
On the other hand, Grubb (1990) in his paper highlights two significant flaws 
concerning the argument of Brookes. First, he considers that it is incorrect to conclude 
that economic behaviors of the past will necessarily be parallel to those in the future. 
                                                          
3
 Bottom-up models consider technological options or project-specific climate change mitigation 
policies for evaluating the system. Also, capture technology in the engineering sense: a given 
technique related to energy consumption or supply, with a given technical performance and cost.  
4
 Top-down models evaluate the system from aggregate economic variables and the technology term, 
whatever the disaggregation, is represented by the shares of the purchase of a given input in 
intermediary consumption, in the production function, and in labour, capital, and other inputs. 
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But the most significant argument is that in his opinion there are noteworthy 
differences between the energy efficiency improvements thanks to policies and 
relative measures, and those that arise naturally due to an on-going technological 
revolution.  
The quarrel between Brookes and Grubb lies in the fact that each one has a different 
point of view as far as the efficiency of the market is concerned. According to 
Brookes (traditional economic approach), if there are no market failures and 
consequently the market is perfectly efficient the improvements in efficiency result 
from exogenous changes in technology. On the other hand, according to Grubb 
(energy-engineering approach), policies and measures are possible to create failures in 
the market and therefore efficiencies can be developed only after the necessary extra 
investment has taken place.  
Jevons (1905), a supporter of the neoclassical theory, back in 1905 in his book “The 
coal question: An inquiry concerning the progress of the nation, and the probable 
exhaustion of our coal-mines” sets in question the issue of the interrelation between 
the economical use of an energy source and its consumption, referring to the case of 
the consumption of coal in Scotland where the reduction of the consuming quantity 
was followed by a significant increase in the total consumption. Although he is 
considering the subject of technological development in the economy at an aggregate 
level, he fails to into account issues like market failures or energy efficiency policies 
making his analysis not so relevant to the present effects of energy-efficiency 
guidelines. 
This debate is mainly founded on the absence of a severe theoretical framework that 
would be able to analyze not only the mechanisms of the rebound effect but also the 
ultimately costs of it (Dimitropoulos (2007)). Dimitropoulos in his paper provides a 
summary of several studies regarding the issue of indirect and economy-wide rebound 
effects.  
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1.3.1 Neoclassical growth models 
A theoretical framework, the well-known Solow-Swan model for economic growth, 
used by Saunders (1992) provides an examination of the effect in more detail. In his 
analysis a Cobb-Douglas and a nested CES
5
 (Solow) function in order to estimate the 
impact of an uninterrupted enhancement in energy productivity on the output and the 
consumption of energy, with a constant rate of 1.2% per year of uninterrupted 
enhancements in energy productivity. Relied on some assumptions concerning the 
magnitude of a number of factors and based on the neoclassical growth outline, 
Saunders using the Cobb-Douglas function ends up with the conclusion that 
improving energy productivity does not lead to energy savings. He notes that as 
energy becomes more efficient, we always tend to consume more energy as energy 
becomes more efficient and therefore the growth rate of energy consumption is equal 
to the output growth rate. A similar conclusion is made by Wei (2007) by noting that 
regardless the value of the factors a Cobb-Douglas function produces inevitably a 
backfire effect. Triggered by the drawbacks of the Cobb-Douglas function regarding 
the disability to replicate the effects of energy efficiency enhancements Saunders 
proceeded to another nested CES. The results of this simulation, even though they do 
not verify the existence of great rebounds, advocate at a theoretical level that through 
improving energy efficiency the energy conservation might not be enhanced and also 
the demand for energy is possible not to reduce but be boosted.  
In 1997, Howarth (1997) differentiates his position by specifying that within the 
neoclassical growth model in the production function the input should not be energy 
itself but an energy services, because during the production procedure an energy 
service is what is entered and not energy. Howarth demonstrated that if the costs that 
are related to energy are zero, improvements in energy efficiency every time will 
contribute to an each time increasing energy savings. This conclusion is based on 
some assumptions made by Saunders and on a formal model of economic growth with 
Cobb-Douglas production. Ignoring capital costs seems to be a substantial fault, 
regarding the field of energy rebound effects, made not only by Howarth but also by 
Khazzoom. Dimitropoulos and Sorrell (2006) are discussing this issue in much more 
detail in their paper where they admit that capital costs hold a noteworthy part of the 
                                                          
5
 Constant elasticity of substitution is a particular type of aggregator function which combines two or 
more types of consumption, or two or more types of productive inputs into an aggregate quantity. 
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aggregate costs. Additionally, in their paper, in which they focus mainly on the direct 
effect and on not the indirect or the economy-wide ones, they treat energy efficiency 
as an endogenous factor and introduce the opportunity costs of time.  
An extra condition has been introduced by Howarth (1997), in reference with the case 
of backfire, by stating that energy savings are feasible only when the elasticity of 
energy services with respect to energy intensity is less than one. Also, the demand for 
energy is possible to be increased by enhancements in energy efficiency if the demand 
for energy services with respect to energy intensity is higher than one (elastic). This 
statement even though it seems to be applicable only at a microeconomic level, could 
be examined in a broader view concerning the production function in total and using 
the elasticity in order to approach the rebound effect at a macroeconomic level.  
In his paper, Saunders (2000) proceeds to a critic of the theoretical results by 
Howarth. His first note lies on the fact that the results of Howarth’s method (fixed 
factors) are strongly interrelated with the Leontief production function for energy 
services. The second one focuses on the absence of commonly established conditions 
regarding balanced economic growth that would add boundaries to his derivation and 
influence his outcome.  
Saunders (2000b) in his second paper repeats the rigorous theoretical basis of the 
rebound effect as well as the possibility of a backfire effect derived from 
improvements in productivity. He also notices that indicators like energy/GDP ratios 
are unreliable for estimating the magnitude of rebound effect. Nevertheless, energy 
ratios are included in growth models in order to simulate energy efficiency 
enhancements.  
Furthermore, Saunders analyzes the impacts that are caused through improvements in 
energy efficiency on the output, related to the national income, separately for short-
run and long-run. Regarding the short-run impacts, by using the Cobb-Douglas 
functions and supposes that the real prices of energy are constantly at a 20% increase 
of the energy efficiency and thus lead to 1-2% increase in output. These results have 
been concluded under the assumptions of the neoclassical theory and unitary elasticity 
of substitution. Concerning the long-term impacts, it has been calculated 14% greater 
than the one of the short-term, causing a 2.28% increase in output by an improvement 
in efficiency.  
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The results by Saunders regarding the long-term effect on output have been found to 
be incorrect by Wei (2007). In his paper he notes that in Saunders’s paper the long-
term impact is underestimated and proceeds to a partial equilibrium analysis, where 
the use and the production of energy efficiency are both involved. Wei’s estimations 
end up with a long-term impact of 3.6%.  
 
1.3.2 Econometric evidence 
Jogrenson and his colleagues with their studies supported the insights of the growth 
models with some econometric “suggestive” evidence (Jorgenson and Fraumeni, 
(1981) ; Hogan and Jorgenson, (1991); Jorgenson (1998)). Jorgenson tried to analyze 
the behavior of the producer in the US regarding 35 producing sectors by using an 
econometric model with a function with four inputs (capital, labour, energy and 
materials). The studies by Jorgenson and his colleagues result in that in the most of 
the cases of the US manufacturing the bias of technical progress was positive. This 
may lead the rate of the technical development to a decline as energy prices increase. 
Also, another result from Jorgensen’s surveys is that the proportion of energy in the 
value of the outcome is increased by technical change.  
The most significant role in the formation of conclusions regarding the biased 
technical change is held by the actual way in which the technical change will be 
imported in an econometric model. In Jorgenson’s models there are some other 
assumptions that we should not omit to mention, as the fact that the technical change 
is assumed to be disembodied and the total factor productivity is possible to vary 
along time as well as other factor prices too, come into contrast to technical biases 
that are fixed. These assumptions have been taken into consideration for the majority 
of the models whose target was to examine the relationship between the factor prices 
and the total factor productivity in the short-term as the extraordinarily high energy 
prices in the late 1970s seemed to be the main reason for the remarkable reduction in 
productivity.  
Saunders’s theoretical results are tested with existent data for the US by an 
econometric model of Gardner and Joutz (1996). They used a vector autoregression 
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model
6
 (VAR) and a cointegration analysis
7
 in order to account for stochastic trends 
in their sample. The authors note that technical progress arises at several inputs 
simultaneously and not only at each individual input. The model is available for long-
term and short-term adaptations of the outcome taking into account alterations of 
energy prices and technology. Moreover, possible irregular output reactions caused by 
unstable energy prices are captured in their estimations. The above specification 
derives from the well-established hypothesis that investing on more efficient capital 
stock is something that cannot be reversed (Dargay, (1992), Gately (1992)).  
The above conclusions seem not to converge with the theoretical insights of the 
growth model supported by Saunders (1992) or the estimations about short-run 
(Saunders, 2000b) (2000). The Gardner and Joutz findings concentrate on the short-
term, regarding the fact that there is no economic growth because of an energy price 
decrease and also that any possible development in technology will not affect the 
output, a fact which makes the technical change insignificant in statistical terms.  
Nevertheless, as far as an increase in the prices is concerned, the demand and growth 
will be curbed. Estimations have shown that in the long-run a 1.14% rise in output 
will occur from a 20% decrease in energy price (ceteris paribus). The respective 
results by Saunders (2000) (2000b) were double and those by Wei (2007) almost 
triple.   
 
1.3.3 General equilibrium models 
Growth theory can be enforced by general a general equilibrium theory which offers a 
perspective of the benefits that may occur in an economy may gain due to energy 
productivity. Economy-wide rebound effects have been analyzed by several general 
equilibrium (CGE) studies and have broadened the knowledge about them. Moreover, 
from these studies interesting conclusions could be deducted concerning several 
factors that would be possible to inform policy.  
                                                          
6
 Vector autoregression (VAR) is a statistical model used to capture the linear interdependencies 
among multiple time series. 
7
 Cointegration is an econometric technique for testing the correlation between non-stationary time 
series variables. 
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Improvements in production, consumption or productivity of energy have been 
simulated by a number of studies. These studies display some significant differences 
among them although they follow a parallel forming procedure. Differences such as 
the technique in which some terms are specified, parameterized or been simulated are 
vital to be mentioned because they affect the results.  
Semboja’s (1994) study regarding the effects of energy efficiency in Kenya was found 
to be the earliest study in the literature. The procedure that has been followed is 
founded on Cobb-Douglas technology and substitution of the capital or other 
parameters is impossible.  The percentage of an increase in energy efficiency is 
relatively small, approximately 1%, and it is applicable to energy productivity and oil 
use. This improvement according to the author’s estimations increased the use of 
energy up to 3.5% and the consumption of oil up to 1.7%. It is of vital importance to 
mention that there was no sensitivity analysis or an in depth explanation of the 
simulations.  
In the same year, another survey in a developing country was conducted by 
Dufournaud et al. (1994) investigating the impacts of improvements in the household 
sector of Sudan through applying a CGE model. In particular, the study analyzes the 
enhancements of efficiency in wood stoves. In contrast to the previous study, here the 
definition of the model’s equations and assumptions is obvious, a sensitivity analysis 
does have been included, while substitution is allowed, too. The survey results in a 
rebound effect of 47-77% caused by an increase in energy efficiency in wood stoves 
by 100-200%.  
Another research has been made several years later by Van Es et al. (1998) whose 
results predict a minor rebound effect. Study’s simulations concern a CGE model for 
the Netherlands which is applied in several units like producing, consuming, foreign 
trade and environment. Elasticities of substitution vary according to sectors and the 
functional forms that have been used, are nested CES. A noteworthy point of the 
study is that the trade of greenhouse gas (GHG) emissions is probably on the inside of 
the environment sector. In 2000 Berkhout et al. (2000) pointed out that the basis of 
this model was not just input-output tables (I-O tables) but furthermore a bottom-up 
supply side database was used concerning energy-saving technologies. The 
indispensable characteristic of these databases is their ability to set the key model 
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engineering documents in availability for possible future energy improvements. 
Energy efficiency took the form of replacing and improving the present capital stock. 
The results of the survey led to a 15% macro-economic rebound effect regarding 
simulations in the long term.  
Vikstrom (2004)in his working paper estimated the effects of an increase in energy 
efficiency in Sweden. His results were based on a CES function, every sector was 
treated differently. He assumed magnitudes for elasticities of substitution in the range 
of 0.06-0.87.A counterfactual scenario has been built though, based on historical 
records where in non-energy sectors a 15% of efficiency improvements is simulated, 
while in energy sectors the percentage is lower, at 12%. In order for the degree of 
confidence to be determined, the above results are set in comparison to the actual 
data. Vikstrom’s estimations result in a rebound effect of 60%. No sensitivity analysis 
was included in the results. 
There was in the same year when Washiba (2004) estimated the rebound effect on all 
sectors in Japan by an improvement of 1% in energy efficiency. His results were of 
the same range with those from Vikstrom. For his estimations a CES function for each 
sector regarding the energy and value-added was used and there was no possibility for 
substitution among energy/value-added and other factors. The rebound effects were 
found to be from 35% to 70% with a sensitivity analysis regarding the altered 
magnitudes of inter-fuel and energy/value-added. We should not fail to underline that 
Washiba in his paper mentions that the magnitude of elasticity of substitution is 
positively correlated with the rebound effects.  
On the other hand, the study of Grepperud and Rasmussen (2004) did not come up 
with the same conclusion regarding the correlation of elasticity of substitution and 
rebound effect. The paper regards the production in Norway and the authors built a 
model whose basis is a multi-nested CES production technology where substituting 
electric energy with non-electric energy, and vice versa, is possible. Different 
scenarios have been constructed based on the impact of energy efficiency regarding 
the productivity and carbon emissions. After the construction of scenarios a 
comparative analysis among them takes place. Rebound effects seem to be higher and 
in some cases led to backfire especially when in the scenario increased productivity 
for electricity or oil is simulated.  However, if additional macroeconomic concerns are 
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included in the simulations the rebound effect tends to be lower or even negligible. In 
contrast with the growth models Grepperud and Rasmussen proved that there is no 
association between great values of elasticity of substitution and greater rebound 
effects.  
Another CGE study has been completed by Glomsrod and Wei (2005)where unitary 
elasticity of substitution is inherently assumed regarding the energy capital and labour 
in China. Supposedly, this is the reason why the results from Grepperud and 
Rasmussen were not certified in this study too. For the first time in a study it is 
assumed that the labour supply is infinitely inelastic, making the study unique.  The 
use of more efficient coal is assumed although the purpose of the survey was not to 
include simulations of energy efficiency. Numerical results do not exist but the 
authors end up with a conclusion concerning a very high magnitude of the rebound 
effect or even backfire.  
Hanley et al. (2005)examined the impacts of energy efficiency in macroeconomic 
level regarding the case of Scotland. The characteristic which makes this study unique 
is that the authors approach the effects from a regional perspective and not an 
economy-wide one. Although the model adopts the structure of the preceding studies 
which is based on nested CES technology and also substituting energy with non-
energy inputs and vice versa, is possible, too. The rebound effect is expressed with an 
increase in CO2 and it is estimated at 122% caused by a 5% improvement in 
efficiency of energy.  
The case of the rebound effects in the United Kingdom was examined by Allan et al. 
(2007) where a quite different version of the same model has been used. With the 
contribution of I-O tables the estimations for a rebound effect regarding the energy 
use triggered by a 5% increase in energy efficiency in all sectors in the UK was 
estimated 50% in the short run and 30% in the long-run. As we could observe, the 
results from this study are in contrast to those from econometric analysis or from 
growth theory regarding the fact that the rebound effects in the short-run are higher 
than those from the long-run.   
Another study that investigates the presence of rebound effects even backfire in which 
the CGE model was used is this of Hanley’s et al. (2009) regarding the Scottish 
economy. The evidence indicates that an increase in energy efficiency in the 
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production sectors will be followed by a rebound effect that in the long run will grow 
into backfire. In the end, the energy use is increasing and the ratio GDP/CO2 seems to 
fall. In the paper the procedure that led to the formation of rebound effect is described 
as fallen energy prices resulting from the energy efficiency enhancements. This has as 
an effect the fact that results such as the production of output, substitution and effects 
in the income, all of them contribute to an increase of the demand for energy. 
Furthermore, in the paper is also mentioned the correlation of the energy-efficiency 
policies with the formation of rebound effects and ends up with the suggestion that a 
harmonized portfolio of energy policies is essential. An elasticity of substitution 
between energy and non-energy intermediate inputs is possible. A much more 
difficult, in comparison to Saunders (2000a, b) production function embedded 
AMOSENVI
8
 is used. The rebound effect is estimated to be at 132% for electricity 
sector and 134% for other sectors after an improvement in energy efficiency of 5% to 
all production sectors.  
 
 
 
 
 
 
 
 
 
 
 
 
                                                          
8
 The AMOSENVI framework allows a high degree of flexibility in the choice of key parameter values 
and model closures. A cost minimization is possible to be imposed in production with multi-level 
production functions, generally of a CES form but with Leontief and Cobb–Douglas being available as 
special cases. 
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Table 1.2: Summary of results from GCE models 
Author/year Country 
Production 
function 
ESUB e % RE % Comments 
Semboja, 1994 Kenya CD-L 1 or 0 1 170-350 
Simulations for energy 
production and use 
Dufournaud et al. 
, 1994 
Sudan CES 0,2-0,4 100-200 54-59 
Households only, well 
structured, extensive 
sensitivity analysis 
Van Es et al. , 
1998 
Netherlands CES 0<σ<1 100 15 
Bottom-up feed 
database, explicit 
representation of 
efficiency 
improvements 
Vikstrom, 2004 Sweden CES 
0,07-
0,87 
12-15 60 
Dynamic simulations 
with counterfactual 
efficiency changes 
Grepperud and 
Rasmussen, 2004 
Norway CES 0<σ<1 
100 AAGR 
electricity 
or oil 
<100 
Dynamic simulations 
with counterfactual 
scenarios 
Washiba, 2004 Japan CES 0,3-0,7 1 35-70 
Sensitivity analysis 
reveals positive 
relation of reboun 
with ESUB 
Glomsrod and 
Wei, 2005 
China CD, L, CES 1 NA >100 
Focused on limiting 
emissions with a tax 
on coal 
Hanley et al., 
2005 
Scotland CES 0,3 5 120 
Open region approach 
with major energy 
exports 
Allan et al., 2007 UK CES 0,3 5 30-50 
Extensive sensitive 
analysis 
 
 
Hanley et al., 
2009 
Scotland CES, CD, L 0,1-0,7 5 132-134 
Backfire is only found 
in energy supply 
sectors with more 
modest rebound in 
non-energy supply 
sectors. 
Turner et al., 
2012 
UK CES 
0.04-
0.31 
5 12 -64 
Econometric 
estimation of 
elasticities of 
substitution, Country 
level 
Source: Dimitropoulos (John, 2007) and Jenkins et al. (2011) 
Abbreviations: CD: Cobb-Douglas, L: Leontief, ESUB: Elasticity of Substitution (σ), CES: constant ESUB, AAGR: 
average annual growth rates of energy productivity (per sector), NA: not available  
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As one could easily observe, in table 1.2 the results from the studies vary significantly 
with one another. For example, Van Es et al. study estimates a rebound effect around 
15% while Semboja’s calculations result in a percentage of 350%. Of course the 
methodologies or the assumptions are not the same in all the cases but this remarkable 
wide range of results is not justified only from the above factors. Some possible 
reasons for the diversity are the production technology, the possibilities for energy 
substitution, capital, labour and other impacts, energy efficiency and technical 
progress, international trade and government policies. 
The latest study was made by Turner et al,. (2012) where economy-wide rebound 
effect were examined in short and long terms for UK. The calculations were based on 
three different nested production functions ((KL)E,(KE)L and (LE)K) for whose 
elasticities of substitution were econometrically estimated and then tested in a CGE 
model. The survey had been made regarding the case of UK industry and it was based 
on the UKENVI model. The rebound effect had a range from 12.44% to 63.74%. As 
the author noted the study is an early working paper which main target is to trigger 
comments especially for the econometric part.   
 
1.3.4 Hybrid macro-economic models 
Energy-economy-environment (E3) models have been developed in order to link the 
macro-economic studies with the econometrics. They involve submodels concerning 
the effects for energy and environmental issues. 
One of these models has been used by Barker, Ekins and Foxon (4CMR) (2007) in 
order to evaluate the rebound effect in the United Kingdom from a macroeconomic 
scope. The model investigates energy efficiency effects on several sectors whose 
parameters are estimated with up-to-date econometric methods. Its unique 
characteristic is that it is a dynamic model so it takes into account interactions during 
time and also it is not based on assumptions for production and aggregation.  
The model contains equations for each industry separately and it is based on UK 
national accounts. There exist estimates made by time-series econometric 
methodologies with representative sample input-output contacts. The top-down 
perspective of the model is enriched by bottom-up relationships which connect the 
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economic model with an energy submodel. The impacts on energy use because of 
increases in energy efficiency are inserted into the economic model via the input-
output figures of the energy submodel. For the impacts regarding the emissions there 
is another submodel especially for the environment.  
Taking into account the policies in the UK regarding the energy efficiency, it has been 
estimated that until 2010, the rebound effect will have reached a percentage of around 
27%. The authors come to the conclusion that measures that support energy efficiency 
seem to promote the growth of economy and curb inflation. Last but not least, the 
impacts on emissions are more encouraging from those in energy use since the 
emissions tend to reduce in a larger scale.  
NEMO is another macroeconomic model that has been used for the exploration of 
economy-wide effects caused by enhancements in energy efficiency within the Dutch 
economy (Koopmans, (1997)). The model combines a classic structure of 
macroeconomics. A CES production function is used to count in the impact of 
alterations in energy prices on the capital. Some of the changes affect the present 
while some occur in the meso/long run. Thus, empirical results about the elasticities 
of energy demand in the short term are less compared to those in the long term and of 
course are justified also in this model too, indicating parallel values for the rebound 
effects.  
A classification of the rebound effects in direct, indirect or economy-wide has not 
been referred within in this model and the estimations that are delivered concerns 
enhancements in energy efficiency in the aggregate of the Dutch economy. The 
macroeconomic rebound effect in total is expected to be 27% in the long-run, a 
percentage which is remarkably close to the results of Barker’s study.  
Similar indications have been conducted from the NEMS model concerning the 
macroeconomic rebound effect in the US (Kydes (1997)). There are no estimations 
about the economy-wide effects, but do exist some indications. Assuming that with 
energy efficiency improvements there is an increase in the output and a decrease of 
almost 24% until the year 2015. Changes in the supply and demand within NEMS led 
to a decrease in the price of fuels, which in the absence of rebound effects would be 
lower. Based on this statement, Greening and Greene (1998) carried out a calculation 
of 27% concerning the short-run. According to the NEMS models the progress 
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regarding the technology in the rest of the world is assumed to be fixed and also does 
not take into consideration the OPEC nation replies to descending price pressures, 
given that the 25% of global fuel in aggregate is consumed in the US.  
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Chapter 2  
The rebound effect 
2.1 Direct rebound effect  
The size of the energy savings is mainly grounded upon the improvements of 
technology. This happens because any possible improvements in energy efficiency 
can lead to a reduced marginal cost of delivering an individual energy service, such as 
heating or transporting, and therefore the consumption of that specific service 
increases. For example, regarding the case of travelling, a consumer who owns a fuel 
efficient vehicle that is fuel whose cost per kilometer is lower, will probably use it 
more often. Behaviors considering the energy efficiency are possible to vary along 
with the energy services, the geographical regions or the time period. Despite the 
differences among the circumstances energy efficiency improvements will always 
lead to a higher consumption of energy and consequently to less energy savings or 
even in an offset on the whole (backfire).  
The direct rebound effect has arisen increasing interest by researches, beginning with 
Khazzoom (1980) who first discussed the issue of the rebound effect and a number of 
surveys followed afterwards, attempting to estimate the magnitude of the rebound 
effect regarding several energy services. Those surveys present some significant 
differences concerning the way in which the phenomenon is defined, the method that 
has been used in order to approach it, as well as the data sources that have been used. 
In recent years, a great exertion has been strained so that those specific gaps of the 
field could be plugged and studies could extend to countries beyond developed 
countries and to other energy services too, apart from transportation and heating. The 
absence of appropriate data concerning other sectors and regions is an obstacle that 
the analysts will or have already challenged. Also, regarding the way the results are 
interpreted there is a conflict due to the variety of terminology, notation, definition 
and measures that are applied. There are several surveys that measure the effect using 
elasticity estimations instead of using a suitable approach in order that the scale of the 
direct rebound effect can be estimated under different circumstances. 
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An analysis of the methodological approaches that are used for the estimation of the 
direct rebound effect mainly in energy services regarding the household sector is 
provided below.  
2.1.1 Defining the direct rebound effect 
Energy services in the household sector such as heating and lighting are founded on 
energy systems that are a combination of factors such as capital, labour and 
electricity. Furthermore, the related systems may include three kinds of equipment; 
primary conversion equipment (boilers), secondary conversion equipment (radiators) 
and finally, equipment used for the distribution of energy. The energy efficiency (ε) of 
those systems is calculated if we divide the useful energy output (S) with the energy 
inputs (E).  
  
 
 
 
Apart from the thermodynamic efficiency of particular conversion equipment there is 
also a range of other factors that are likely to affect the energy efficiency. If the 
boundaries of the system extend from a boiler to a house then the approach in which 
energy efficiency is measured will also change. The definition of the scale of such 
indicators is shaped according to the way in which the energy inputs and outputs are 
defined and calculated.  
The energy output that contributes to a worthwhile purpose is referred to with the 
term useful work. The useful work can be calculated based on physical or 
thermodynamic indicators that differ among the systems (Patterson, 1996). Regarding 
the measurement of useful work provided by passenger cars, three techniques exist: 
vehicle kilometers, passenger kilometers and tonne kilometers.  
Moreover there are several factors that will probably be combined with the useful 
work of an energy service. Status, speed or acceleration while also luxury are such 
attributes concerning the case of a passenger car. An interchange between useful work 
and other characteristics of an energy service and trade-offs among energy, capital 
and other products during the productive process of an energy service or even 
between energy services are some of the actions that can be taken upon both by the 
consumers and the producers, for a compensational purpose. 
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Through dividing the price of energy inputs (PE) with energy efficiency (ε) we get the 
energy cost of useful work (PS).  
   
  
 
 
Combining the above energy cost of useful work with other costs such as annualized 
capital, maintenance and time costs we arrive at the results of the generalized cost of 
useful work (PG).This generalized cost of useful work could be reduced, if the energy 
cost reduced, too, due to improvements in energy efficiency. This would probably 
have consequences such as an increase in the number of energy conversion devices or 
could even affect the average utilization. The most common example is the following; 
the more energy efficiency improves regarding the technology of the passenger cars, 
the more people tend to purchase new or larger cars and even stop sharing them or 
drive further. Likewise, people tend to purchase more personal computers (pc) or 
larger ones and certainly they end up using them more or even increase the volume of 
the average load. Among the energy services and during time the meaning of these 
kinds of variables may differ. For instance, the new TV apparatus that have been 
launched in the market during the late years, are highly technologically improved in 
terms of energy efficiency; this fact may well bring about an increase in the number 
of televisions purchased and their average size (as the cost per cubic meter has 
decreased), but the average utilization of the apparatus itself is not equally inclinable 
to such fluctuations. A sort of “radical” changes in technologies or in the standards of 
living due to lowered cost of energy services are possible to be noted only in the very 
long time. However as the time period extends, such changes are becoming very hard 
to tell apart in which ones occur because of a corresponding increase in the demand 
for energy services and the ones that have resulted from other factors such as the 
average growth of income. 
There are several ways in which the useful work and consequently the energy 
efficiency can be defined, a fact which inevitably affects the calculated magnitude of 
the direct rebound effect. Let’s consider the direct rebound effect in passenger cars, 
where most surveys calculate the useful work based on the vehicle kilometers 
travelled. These amounts can sometimes be divided into two components; the product 
of the number of vehicles and the mean distance travelled per vehicle, per year 
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(Greene et al, (1999a); Small and Van Dender, (2005)). The vehicle kilometers per 
liter of fuel are computed in order to get energy efficiency, while the rebound effect 
increases according to the elongation of the distance driven. Following this method 
we omit outcomes from energy efficiency improvements such as the production of 
more sport utility vehicles or a potential reduction in the load factor (less car sharing). 
An alternative approach of measuring the energy efficiency is one which takes into 
account tonne kilometers per liter of fuel and measures the rebound effect according 
to the changes in tonne kilometers driven. In this case, the results of the measurements 
may be separated into three constituent elements: the product of the number of 
vehicles, the mean vehicle weight and the mean distance travelled per vehicle per 
year. Other factors such as luxury, protection or carrying capacity are mostly 
considered as extra features of the energy services, however in this approach the 
above factors are successfully incorporated into the degree of useful work insofar as 
the vehicle weight offers a delegation for them. Moreover, this approach provides us 
with sufficient importance of the fact that, if we drive bigger cars we may offset 
possible gains from fuel savings due to energy efficiency improvements.  
The ratio energy cost of useful work (PS) to generalized cost of useful work (PG) 
seems to affect the scale of the direct rebound effect in a proportional way as these 
costs are noticeable to the consumers. Moreover, the existence of saturation affects 
significantly the magnitude of the direct rebound effect, as it should be decreased 
contrariwise proportionate to the increase in the consumption of any energy service. It 
has also been noticed that as the income decreases, the direct rebound effect tends to 
increase (Boardman and Milne, (2000)).  
Not only current consumers of an energy service but also consumers that until 
recently were not able to afford or even were unwilling to make such a purchase will 
affect the demand of the particular service, resulting in higher levels. For example, 
improvements in energy efficiency of fuels can possibly urge people to purchase a 
small car even if they already possess one. Especially in developing countries the 
presence of a high percentage of “marginal consumers” (Wirl, 1997) enhances the 
probability of great rebound effects, magnitude that is possible to be mitigated due to 
saturation effects of existing consumers (Roy, 2000).  
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The reduction of the energy cost for useful work thanks to improvements in energy 
efficiency is not the only parameter that affects the magnitude of the direct rebound 
effect. The inter-linking between improvements in energy efficiency and other costs 
plays a pivotal role for the scale of the rebound effects. It has been observed that 
when an energy efficiency service has higher operating costs than a less efficient 
service then the direct rebound effect is smaller. This happens because greater capital 
costs will offset possible gains from operating costs. Despite the fact that an increase 
in the size of the apparatus or in the number of purchase is deterred due to the matter-
of-course highly unquestionable discount rates of the consumers, by the time the 
consumers do purchase these units, their utilization is immediately expected to be 
higher. Practically, over a period of time the majority of the equipment notes 
improvements in energy efficiency and reductions in the aggregate of costs in relation 
with income.  
Apart from the relationship between the efficiency improvements and several costs 
like the capital cost, other factors are possible to contribute, too, to the occurrence of 
direct rebound effect.  One of them is the increase in demand due to the existence of 
real or opportunity costs, which participates in the measurement of the rebound effect. 
The most significant opportunity costs are the opportunity cost of space and the 
opportunity cost of time. As the technology improves along time, the opportunity cost 
of space probably be significantly reduced, a fact that is based on the likelihood of 
smaller devices or higher living space due to increasing income (Wilson and 
Boehland, (2005)). On other hand, a rising income will move the opportunity cost of 
time upwards. Thus, the magnitude of direct rebound effect differs significantly 
among energy services and over time and also is affected by many constituents.  
 
2.1.2 The quasi-experimental approach to estimating direct rebound effects 
As we have seen useful work holds a significant part regarding the direct rebound 
effect. Thus, one method that estimates the scale of direct rebound effect is based on 
the changes in the demand before the occurrence of energy efficiency improvements 
and after them. The difference between the two demands represents the extra demand 
that should have been satisfied if there were no energy efficiency improvements. 
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Clearly, there are several factors that will possibly affect the demand for useful work 
and should be taken into consideration (Meyer (1995); Frondel and Schmidt (2005)).  
Obstacles regarding the measurement of useful work shift the studies towards another 
direction that focuses in measuring changes in the quantity consumed for a specific 
service. In order to estimate the rebound effect, the comparison of two scenarios is 
essential; the first one regards the energy consumption for the specific energy service 
without energy efficiency improvements and the second one refers to the energy 
consumed when there are no behavioral changes even while energy efficiency 
improvements occur. The energy consumption without energy improvements is 
equivalent with the energy savings that will occur in case those improvements do take 
place. The second scenario refers exclusively to the existence of the direct rebound 
effect. In order for the effect to be estimated the presence of engineering models is 
essential; these models are based on data that are different in each case of an 
installation and are characterized by a propensity to error.   
The above methods are not so common because of several obstacles regarding the 
measurement of the effect. A report directed by (Nadel, 1993) regarding surveys for 
US utilities, such as lighting and water heating, conclude in a direct rebound effect of 
10% and around 0%, respectively. Moreover, estimations about refrigeration end up 
with questionable outcomes. The majority of the published surveys focus on the 
measurement of the direct rebound effect regarding the household heating 
(Sommerville and Sorrell, 2007). Their drawbacks lie in the facts that the 
methodological quality is quite low and there is no use of a control sample but a 
common before and after comparison. Moreover, the fact that the households are not 
randomly chosen makes the studies prone to selection bias (Hartman, 1988). 
Furthermore disadvantages such as the small samples that are used, the weakness in 
presenting the error related with assessments, the wide range of the independent 
variable inside the surveys and among them as well as the incapability of capturing 
effects that occur in the long run because of the short period samples that are 
examined, make the above approaches unpopular. 
As a final point, a sort of vagueness prevails in issues like the: 
 Shortfall: (Actual savings in energy consumption)-(Expected savings in 
energy consumption, regarding the engineering assessments). 
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 Temperature take-back: (Mean internal temperature before energy efficiency 
improvements)-(Mean internal temperature after energy efficiency 
improvements). 
 Behavioral change: the proportion of the change in internal temperature that 
rises from user’s behavior.  
It has been observed that behavioral change is not solely responsible for the 
temperature take-back, with physical and other parameters possessing a significant 
portion of this change (Sanders and Phillipson (2006)). Likewise, the majority of the 
parameters that affect the shortfall are not related with the temperature take back but 
factors such as poor engineering estimations regarding possible savings, insufficient 
performance of equipment or shortages in the installation. Therefore, behavioral 
change may affect the temperature take back but is not the main factor and likewise 
temperature take back does have an impact on the shortfall only at a small percentage. 
Because of the importance of the behavioral changes regarding the occurrence of the 
direct rebound effect, it is essential to notice that improvements in energy efficiency 
will also affect also other factors beyond the heating costs (e.g. airflow) that will lead 
to changes in behavior. The interrelation between internal temperature and energy 
consumption (non-linear and context-specific) encumbers measurements regarding 
the influence of temperature take-back in the magnitude of the shortfall.  An 
intriguing mission that we come across here is to set apart direct rebound effects from 
such studies.  
 
2.1.3 The econometric approach to estimating direct rebound effects 
The majority of the studies regarding the estimations of direct rebound effects are 
based on econometric analysis. The main data source of these analyses is secondary 
data that are related with the demand for energy, energy efficiency or useful work. 
The data that has been used is possible to refer to several groups, starting from 
households and reaching to countries, while they can also be cross-sectional, time 
series or even panel. The main instrument that is used in these approaches is the 
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elasticity
9
. In the case of time-series data short-run elasticities are calculated thanks to 
the constant number of conversion devices while long-run elasticities are estimated 
when the number is inconstant. Regarding cross-sectional data, the elasticities that are 
provided are referring to the long run. There are two types of energy efficiency 
elasticities that can be calculated depending on the accessibility to the data: 
 Elasticity of demand for energy  ηε (E) 
 Elasticity of demand for useful work ηε (S) 
Both are estimated with respect to energy efficiency. As far as the latter is concerned, 
it is considered to be as an immediate measurement of the direct rebound effect. Also, 
there are some studies which have shown that under specific assumptions the 
relationship below is true (Sorrel and Dimitropoulos, 2006): 
  ( )     ( )    
Therefore, if improvements in energy efficiency do not alter the demand for useful 
work (i.e. ηε (S) =0) then the engineering estimations regarding the gains in energy 
consumption will be equal to the actual one. Consequently, and after having taken 
into account the previous relationship, an improvement in energy efficiency will 
effect energy consumption negatively (i.e. ηε (E) = -1).  
The majority of the studies, instead of using the elasticities of demand for energy (ηε 
(E)) and of demand for useful work (ηε (S)) they use three price elasticities: 
1.    ( ): the elasticity of demand for useful work with respect to the energy 
cost of useful work (  )
10
 
2.    ( )  the elasticity of demand for useful work with respect to the price of 
energy (PE) 
3.    ( ): the elasticity of demand for energy with respect to the price of energy  
All of the above elasticities, only on specific conditions, can be used as a measure of 
the direct rebound effect due to the fact that the negative of any of them can be 
                                                          
9
 Elasticity: The percentage change in one variable following a percentage change in another, holding 
other variables constant 
10
 Where PS=PE/ε. 
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assumed as an approximation to the elasticity of demand for useful work (Sorrell and 
Dimitropoulos, 2006). The lower cost of useful work is utterly equated to the direct 
rebound effect due to behavioral changes if price elasticities are included in the 
calculations. Thus, alternative reasons that may affect the demand for useful work are 
automatically excluded.  
Selecting the suitable price elasticity rests upon the availability of the data. Usually 
the bulk of the appropriate data is mainly related to the energy consumption and 
energy prices and not so much to energy efficiency or useful work. Supposing that the 
appropriate data on energy efficiency is at our disposal, there is a problem regarding 
the variance between the results concerning either ηε (E) or ηε (S). 
The reason for that derives from the fact that the ratio of energy prices to energy 
efficiency (PS=PE/ε) exerts a significant influence to the energy cost of useful work; 
as a result, sizeable cross-sectional or longitudinal variation is subsumed by the 
majority of the data sets. Decreases in energy prices and improvements in energy 
efficiency seem to have an equipollent impact on the energy cost of useful work (PS) 
and therefore it is assumed that the two factors will affect the behavior of consumers 
in a similar way (and vice versa). Nevertheless, there are plenty of reasons which do 
not support this statement above. In this case, all the studies regarding the direct 
rebound effect that has been relied on    ( ) will probably not be unbiased.  
Measuring useful work it seems to be easy regarding the energy services of space 
heating and cooling and personal transportation, a fact which makes the estimations of 
the direct rebound effect to be based mainly on    ( )  Especially in OECD countries 
the above sectors consist an important part of the household energy consumption and 
their demand is basically shaped according to changes in prices. The greater number 
of the studies stresses upon the above consumer energy services, while not even one 
does exist for producers. What is more, the United States are those who seem to have 
drawn the central attention among the rest. 
Because of the lack of data concerning energy efficiency, the direct rebound effect is 
mainly estimated from    ( ) and    ( ). Two conditions should not fail to be 
satisfied in no case, so that the estimations are undoubtedly valid. Firstly, responses 
on the part of the consumers to a decrease in energy prices have to be similar with the 
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corresponding responses to an improvement in energy efficiency (and vice versa). 
Secondly, alterations in energy prices should not have any impact on energy 
efficiency. Both conditions are possible to present some hints of inaccuracy, and this 
is possible to lead to one-sided results concerning the magnitude of the direct rebound 
effect at a level that rotates depending on the energy service that is being studied and 
the time period (short term or long term). 
An upper bound for the direct rebound effect for a specific energy service can be 
provided if the elasticity of demand for energy with respect to the price of energy 
(   ( )) is used for the estimations. Consequently, this may be used in order for 
some bounds to be placed on the level of the direct rebound effect in several energy 
services and sectors. Khazzoom used this method and stated that backfire could occur 
for services like water heating, cooking and space heating if     ( )    (Taylor et 
al., (1977)). Nevertheless, studies have pointed out that energy demand is inelastic 
(|   ( )|   ) for the bulk of the sectors in OECD countries. The conclusion is that 
the backfire is not possible to occur only because of the existence of direct rebound 
effect in the OECD countries, even though there are some exceptions.  
The estimations of    ( ) become even more useful, when energy demand is 
associated to a single energy service and not to a group of them. In the case of a 
collection of energy services a large magnitude of     ( ) indicates that 
improvements at an aggregate level in efficiency are responsible for great direct 
rebound effects (and vice versa), or that in groups of energy services that are mainly 
based on fuel or electricity the rebound effect will be high. On the other hand a small 
magnitude of    ( ) does not necessarily prevent the occurrence of large direct 
rebound effects.  
Estimations regarding the price elasticities ought to be conducted with a lot of caution 
regardless their scope and root. As time goes by and from region to region, there are 
several factors that are related with changes in behavior, such as demographic, policy 
or technical factors. Demand varies depending on prices fluctuations at the present or 
even expectations regarding the prices in the future. Additionally, factors such as the 
fiscal policy that is planned to be implemented by the government or saturation 
effects contribute to the scale of the demand. At this point we ought to admit that the 
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past is not so good an advisor for the future, and there is a chance that the very long-
run response to price changes might surpass those observed after empirical studies 
based upon data from relatively short time periods.  
 
2.2 Estimates of direct rebound effect  
2.2.1 Personal automotive transport 
Until now the sector of personal automotive transport has collected the best studies in 
the area of direct rebound effect. The bulk of these studies talks about the issue in the 
United States because fuel prices and efficiencies in combination to residential 
density are higher in Europe. Moreover, there is a higher percentage of people who 
possess their own car and they are not willing to substitute it for an alternative kind of 
transportation. Below, an analysis of these studies is presented based on the kind of 
data that were used.  
Evidence from studies using aggregate time-series or cross-sectional data 
A study from Blair et al. (1984) based on time-series data from 1948 to 1976 was one 
of the first attempts to estimate direct rebound effect based on    ( ) ,for personal 
automotive transport for Florida. Due to the fact the analysis uses historical data 
which in majority are prior to the oil price collapse (1979-1982), fuel prices do not 
show significant fluctuations. Two equations were developed, one static equation for 
aggregate distance covered by the automobile related with fuel cost per kilometer, 
income and population and another one for fleet average fuel efficiency related with 
fuel prices and income. The calculation of    ( ) was based on specific levels of fuel 
cost per kilometer and kilometers traveled.  The magnitude of the direct rebound 
according to Greene (1992) for the short and long run was between 25% using OLS 
and 40% using GLS.  
In addition with Blair et al. (1984) study, the study of Mayo and Mathis (1988) 
incorporate the huge growth of gasoline prices since it covers years from 1958 until 
1984 for US. Same equations as Blair’s survey were used with the main difference 
that now there is a distinction between the short and long-run elasticities. The rebound 
effect was estimated to be 22% and 26% for the short-run and long-run respectively. 
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The estimation regarding the long-run effect was open to discussion because the 
coefficient on the lagged dependent variable was not statistically significant. 3SLS 
method was used for the estimation of the distance equation, because of the existence 
of “serial correlation” in the error terms. Serial correlation is the case when the 
magnitude of a variable affects its future magnitude. Recognizing and fixing serial 
correlation is a matter of great significance for time-series econometrics.  
Another study, by Gately (1990) this time, is based on data of US for the period 1966-
1988. An equation regarding the kilometers travelled by cars and light trucks is 
estimated. The study results in a 9% of rebound effect in both terms, short and long. 
In contrast with the previous studies here the number of licensed drives is used instead 
of population. According to Gately omitting this variable will result in estimated 
magnitudes of income elasticities of gasoline and travel demand greater than their real 
ones.  
A very severe analysis of direct rebound effect has been made by Greene (1992), who 
used aggregate countrywide data for US regarding the period 1957-1989, based on 
Gately’s equations. He specifies that as soon as serial correlation is corrected the 
coefficient on the lagged dependent variable stops being significant. The estimations, 
in contrast with other studies, end up with an equal level of short and long-run direct 
rebound effect, varying from 5% to 15% for both of them. Greene supported that a 
higher long-run rebound effect (comparatively with short-run) that previous 
researchers estimated was due to their failure in appropriately taking into account 
serial correlation. Also, he supports his estimations about the long-run effect on the 
fact that costs of fuels will be less than 10% of the travel costs in the long-run. 
 Moreover, he notes that the magnitude of the direct rebound effects is not affected by 
the formula of equations that were used. Last but not least, a very important outcome 
from Greene’s study is that direct rebound effect decreases from the period 1966-
1977(27.4%) compared to the period 1978-1989 (5.9%). Although this outcome is not 
statistically significant (only 10%), is coherent with the theory, as theory denotes a 
smaller rebound effect as income increases.  
At (1993), Jones reviews Greene’s study and concludes that his statistical model was 
effective but he does not exclude other models, which result in a long run rebound 
effect of 30% and a short run effect of 13%. One flaw of this study is that for the 
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estimations an almost zero income elasticity of the demand for travel is taken into 
account. Jones himself admits that the result regarding the long run effect is not the 
precise magnitude.  
Schimek (1996) using US data from 1988 to 1992 and a system containing three 
equations regarding the amount of vehicles, fleet average fuel efficiency and total 
kilometers travelled. He estimated the equations with OLS after rejecting the 
probability of endogeneity
11
 biasing the outcomes. Therefore, he estimated the 
rebound effect based on    ( ) and    ( ) too. The outcome gave an almost equal 
direct rebound effect in absolute terms, with the short-run direct rebound effect 
varying from 5% to 7% and long-term rebound effect varying from 21% to 29%.  
The presented studies focus in the case of US and therefore the results probably are 
related to the particular characteristics of US. Unfortunately, studies regarding other 
countries and based on time-series data are not so common and therefore a 
comparison among different states is not possible.  
A very early attempt has been made by Wheaton (1982), who used cross-section data 
from 25 OECD nations. For each country a different set of three equations has been 
developed concerning the vehicles per capita, the average kilometers per vehicle and 
the average fuel efficiency of the vehicle feet and were estimated using OLS. The 
rebound effect expressed as the elasticity of kilometers travelled w.r.t. fuel efficiency 
was found to be only 6%, percentage that is uncertain because of the doubt 
concerning estimates of fuel efficiency. The outcome of estimations of the elasticity 
of kilometers travelled w.r.t. fuel prices was in contrast with this of Schimek, since 
Wheaton’s was noteworthy greater, -0.5. Thus a direct rebound effect at this case 
would be of 50%.  
In the majority of the studies, the researchers do not seem to give the appropriate 
consideration to the quality of the data. It is very important for the accuracy of the 
results to be used data that illustrate the real state and not approximately depict the 
situation. Sorrell (1992) and Schipper et al., (1993) noted that approximations of fuel 
consumption, or mistaken measurements of distances travelled or of the numbers of 
the cars driven each year can cause serious problems.  
                                                          
11
 Endogeneity means that the relevant variables are in part determined by each other. 
Approaching and analyzing the rebound effect 
towards sustainable development   The rebound effect 
[41] 
 
Table 2.1.: Estimates of the direct rebound effect for personal automotive transport using aggregate 
time-series or cross-section data 
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Estimates of the direct rebound effect for personal automotive transport using 
aggregate panel data 
It is commonly agreed that using panel data for the estimation of the direct rebound 
effect can overcome some restrictions of the previous surveys. Baltagi and Griffin 
(1983) stated that using panel data the assessment of some factors, such as the 
variance, is more efficient. Above, four studies that based their estimations on panel 
data (either cross-country either aggregate) are briefly presented.  
Aggregate panel data concerning the period 19741-1993 of three countries, UK, Italy 
and France, were used by Orasch and Wirl (1997) in order the direct rebound effect 
for personal automotive transportation to be estimated. An equation expressing the 
distance travelled dependent by the fuel cost per km, income and a one-period lag of 
the dependent parameter was estimated. Assessments were almost equal for France 
and Italy, with short run direct rebound effect to be more or less 20% while for UK 
has the half, 10%. Regarding the long-run effect, the results for the three countries 
were almost the same with a direct rebound effect around 30% for the first two and a 
27% for the latter.  
At (1997) Johansson and Schipper conducted a study for 12 OECD countries, which 
was very interesting especially for two reasons; first, they gave special attention to the 
quality of the data (cross-country panel) used in the estimations (in contrast with 
Orasch & Wirl) and secondly they used three different types of estimation techniques 
(OLS, GLS and 2SLS), noting potential flaws that could be derived from each 
method. A structural system of three equations was estimated concerning the quantity 
of vehicles, the mean fuel efficiency of the vehicle fleet and the mean driving 
kilometers of each vehicle per year. An assumption about an equal and opposite 
impact on the kilometers driven from fluctuations in fuel prices and fuel efficiency 
was made but not tested.  
The study concluded in two types of direct rebound effect, one related with the 
aggregate kilometers driven by a vehicle fleet and the other related with the 
kilometers driven per vehicle. The long-run direct rebound effect of the first varies 
form 5% to 55% while the second type of rebound effect varies for 5% to 35%, with 
“best-guess” estimates of 30% and 20% respectively. The fact that dependent variable 
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was correctly chosen lead to assessments that are at the upper bound (end) of the 
range in the literature. 
US panel data from 50 states and for 1972 through 1991 were used by Haughton and 
Sakar (1996) for the estimation of the effect. Two different equations were estimated, 
the first regards the fleet average fuel efficiency and the second the miles by driver. In 
the first equation a parameter about the peak real fuel price until then was taken into 
account, indicating that the fuel efficiency is influenced not only by the present 
environment but also by the past. In fact, analysis conclusions suggest that a present 
price of gasoline will have an impact on the fuel efficiency only if exceeds its peak 
price. In the second equation (miles driven per diver) was taken into account 
parameters such as income, fuel cost per km, population per unit area, the share of car 
users in the entire adult population and also a single period lag of the dependent 
parameter.  
Results from the two models do not have noteworthy differences; with the short-run 
direct rebound effect varies from 9% to 16% while the long-run effect was found to 
be around 22%. In contrast with Greene (1992), Haughton and Sakar result in the 
coefficient on the lagged dependent parameter can be significant even if serial 
correlation in the error terms is taken into account. Therefore, the direct rebound 
effect in the short-term will be at least three times lesser than the effect in the long-
term, assumption that is strongly enhanced by the fact that panel-data were used 
instead of time-series.  
Another study about this field was conducted by Small and van Dender (2005), a 
study which contains a lot of innovations. As Haughton and Sakar, Dender examined 
the direct rebound effect on 50 US states, with the difference that the latter covered a 
wider period (1961-2001), fact that make the latter study more accurate. Three 
equations were estimated; for fleet average fuel efficiency, for amount of vehicles and 
for the vehicle distance travelled (normalized to population), while the issue of 
endogeneity was clearly addressed. Issue which is quite significant as an estimation of 
one equation using OLS may lead to overestimation of the direct rebound effect, a 
drawback that does not appear in the case 2SLS and 3SLS are used. Their results 
regarding the long-run direct rebound effect seem to agree with the previous 
estimates, since it was found to be 22% while the assessment regarding the effect for 
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the short-term was not consistent, since a percentage of 4.5% was estimated. Also, 
their study have shown that a rise by 10% in the income will have as an impact the 
reduction of the direct rebound effect in the short-term by 0.58%. Moreover, the 
effects, short-run and long-run, were also examined during a shorter period of time 
(1997-2001) in relation with (σε σχέση με) the income, urbanization and fuel prices. 
In this case, both magnitudes almost been halved (μειώνονται στο μισό), with a short-
run direct rebound effect to be 2.2% and a long-run direct rebound effect 10.7%. 
Nevertheless, this conclusion is questionable because the above decrease is based on 
the hypothesis that the level of the effect is dependable by the fuel cost per distance 
and the related coefficient is statistically insignificant. The study in some parts 
contains flaws, such as the assumption that the lower magnitude of the direct rebound 
effect of several states is due to the fact that those states have higher income than the 
national average. An assumption that is also thought to be incorrect by Harrison et al. 
(2005), who supports its belief on the thought that if we consider this assumption as 
true some states will end up with a negative rebound effect.  
To conclude, studies that re based on panel data offer a more vigorous basis, in 
comparison with time-series studies, for the assessment of the direct rebound effect. 
Among the presented studies there are some (Johansson and Schipper, Haughton and 
Sakar, Small and van Dender) which delivered some novel methods and formed a 
judgment concerning the level of the direct rebound effect for this specific sector.  
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Table 2.2: Estimates of the direct rebound effect for personal automotive transport using aggregate 
panel data  
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Evidence from studies using disaggregate data 
Studies that use disaggregate data (cross-section, panel or pooled) in order to provide 
estimations for an effect have some advantages and disadvantages too. One the one 
hand there are benefits such as the accuracy of the data regarding features such as the 
miles travelled and the quantity of fuel consumed and on the other hand there the 
great bulk of data make their handling very difficult while the conclusions cannot 
easily generalized.  
Some of the most vigorous studies using disaggregate data are presented below. 
Goldberg (1996) in his study based on a combination of information about novel car 
fuel efficiency and data from the US Consumer Expenditure Survey (CES) for the 
period 1984-1990, supported the positive impact of the standards by the “Corporate 
Average vehicle Fuel Efficiency’ (CAFE)12 . He assesses a discrete/continuous model 
for the possession and use of dissimilar kinds of vehicle. The direct rebound effect 
was estimated based on the magnitude of     ( ), which elasticity refers exclusively 
to new cars and therefore Goldberg explains it in terms of a direct rebound effect in 
the short-run. 
Endogeneity bias has occurred but also corrected and eventually the direct rebound 
effect was estimated to be 22% with an OLS method. The assessment was based on 
measurements of    ( ). If an instrumental variable approach
13
 adopted the direct 
rebound effect converts to negative denoting that as the improvements in fuel 
efficiency lead to reduced driving.  The fact that the related coefficient is not 
significant makes the direct rebound effect for new car zero.   
Flaws arise from several points of the study, such as: the omission of potential 
impacts of price and fuel efficiency alternations on new vehicle purchases, the 
consideration of new cars only, and the small fluctuations in fuel prices.  
                                                          
12
 CAFE is a program established by the Energy Policy and Conservation Act of 1975 and a proven way to 
improve energy efficiency in the U.S. transportation sector. It was one of the main forces behind a 35% increase in 
new vehicle (cars and light trucks) fuel economy between 1978 and 1985. Without these improvements, the U.S. 
would be consuming an additional estimated 2.8 million barrels per day of gasoline, or about 25 percent of current 
demand. 
13 Instrumental variable methods allow consistent estimation when the explanatory variables 
(covariates) are correlated with the error terms of a regression relationship. 
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Puller and Greening (1999)(1999) took the data needed from CES for a period of nine 
years and along with data concerning fuel efficiency derived from another source, 
estimated the miles travelled per household. In contrast with Goldberg, this study does 
not exclude old vehicles and estimates a simultaneous equation model instead of a 
discrete/continuous model. A disadvantage of the study is that the impacts of the 
fluctuations of the prices and/or of the fuel efficiency improvements are related only 
with households that participate on the survey of CES, since CES is a ‘rotating 
panel’14. The direct rebound effect is estimated based on elasticity of miles travelled 
by household w.r.t fuel costs per kilometer    ( ) and found to be 49%, a percentage 
which is noteworthy greater from the previous estimates which are based on aggregate 
data and also from Golberg’s estimates which account a zero direct rebound effect. A 
significant conclusion derived from this study that    ( )   , which means that a 
rise on the prices of fuels will lead a reduction of on-road fuel efficiency. This 
reduction is explained by the fact that households tend to reduce long trips when the 
fuel prices rise. The high magnitude of direct rebound effect is partially explained by 
the absence of parameter related with the age of the vehicle or the business travel.  
A very severe survey was conducted by Greene et al. (1999a) and founded on US 
disaggregate data regarding vehicle ownership and use covering the years 1979-1994. 
The study gives special attention to the households that possess one or even five 
vehicles and estimates for each case set of simultaneous equations which are not the 
same.  Endogeneity appears in two cases, once when the fuel efficiency is influenced 
by the use of the vehicle and vice versa and second when the use of one vehicle is 
influenced by the use of the other (e.g. if you drive one car to go to your work, you 
will not drive the other). As the fuels prices increase the utilization of more fuel-
efficient cars seems to increase too.  
The direct rebound effect is estimated for the long-term based on the total system 
elasticity of household travel demand w.r.t. fuel efficiency (   ( ) ). The results are 
considered to be as underestimations of the effect because of the absence of 
parameters such as the fuel prices and fuel efficiency on the quantity of cars 
possessed. Depending on the number of vehicles owned the effect varies from 17% 
for 3 owned vehicles to 28% for 1 owned vehicle. An average direct rebound effect of 
                                                          
14
 Each household participates for one year 
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23% concerning the long run is estimated by weighting by the miles driven for every 
kind of household. A magnitude that seems to fit with the previous estimations made 
from aggregate data. An extra point that supports the reduction of direct rebound 
effect as the income increases is added as the households with high income own 
multiple vehicles.  
A different approach of the effect has been made by West (2004) who provided a 
thorough examination of the distributional impacts of measures that aim at mitigating 
pollution from vehicles. Once again the source of the data is CES, but this time cross-
sectional data of 1997 are preferred unlike Goldberg and Puller and Greening. 
Moreover, data that has to do with the vehicle fuel efficiency are used.   
A similar discrete/continuous model with this of Goldberg is estimated regarding the 
possession and utilization of various kinds of vehicles. The estimations were based 
upon the miles travelled by household, similar to Puller and Greening, and therefore 
the analysis seems to overlooks any reaction to fuel prices by shifting to vehicles that 
are more fuel-efficient. The percentage that fuel costs possess in the aggregate of 
operating costs seems to form the magnitude of the direct rebound effect. The study 
suggests an upper bound of the rebound effect of 87%. While, a direct rebound effect 
of 40% appears in the long run since fuel costs account for the half of the operating 
costs  
At last, an uncommon study concerning the households of Europe was conducted by 
Frondel et al. (2007). The data were drawn by the German Mobility Panel and the 
observations concerned the monthly features. Three kinds of elasticities are used for 
the estimation of the direct rebound effect, the    ( ), the   ( ) and the    ( ). The 
first implies that a reaction in fuel efficiency improvements is equal in absolute terms 
with a reaction in alternations in fuels prices. The second one refers to the fact that 
fuel prices is a control parameter while the last one derives from a reduction of the 
level of fuel consumed because of an increase in fuel prices or other variables. 
Although the results of the rebound estimations are not significantly affected by the 
choice of elasticity or by the method used. The level of rebound effect was estimated 
around 56 and 66%, a percentage that is larger than the results of the previous studies 
concerning US.  
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Summarizing, it is clearly that studies based on disaggregated data give in some way 
inconsistent results in comparison with those of studies based on aggregate data. 
Furthermore, the magnitude of the direct rebound effect is in most of the cases 
noteworthy greater than those from aggregate data. At last, the great variance of the 
results (0-87%) is remarkable, fact that indicates that much more attention should be 
given to the interpretation of the outcomes of such studies.  
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Table 2.3 Estimates of the direct rebound effect for personal automotive transport using disaggregate 
data. 
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2.2.2 Household heating 
Setting bounds on the direct rebound effect for residential heating 
The most common parameters that are used for estimations about the direct rebound 
effect for household heating are the own-price elasticity of aggregate household fuel 
consumption,    (      ) and the own-price elasticity of fuel use for space heating, 
   (     ). Particularly, in the cases where the amount of fuel use of a household is 
mainly consumed for space heating (in UK it accounts for almost 75% of the total fuel 
use of households) the magnitude of the    (      ) is quite similar with this of 
   (     ).  Calculations about household fuel and electricity demand in OECD 
nations denote a magnitude less than unity, therefore they are inelastic in an increase 
of prices (|   (      )   ).  
The direct rebound effect is estimations are differentiated depending on the choice of 
household and the choice of elasticity measure. Regarding the choice of the household 
features such as income seem to have a significant impact on energy demand, as the 
majority of the surveys indicate an increase on household demand as the income 
increases. Moreover, low income affects the demand for energy because people with 
lower income tend to live in rental housing and thus they cannot decide over the kind 
of appliances that consume energy. So, the reaction of such a kind of household in 
variations of energy prices is dissimilar with this of owner-occupiers. As it concerns 
the households with high income, saturation effects is possible to appear and therefore 
mitigate the direct rebound effect because of enhancements on energy efficiency of 
appliances used for heating. The second important parameter is, as we already have 
mentioned, the elasticity measure. For the dependent variable of the estimations there 
are two options, the useful work (     ) and the energy use (     )15. Both are 
measured in kWh, the first as energy input while the second as energy output. 
 Finally, there are seven different elasticities that are used for the assessment of the 
direct rebound effect; the elasticity of demand for useful work w.r.t. energy efficiency 
of the heating system    (     ), the elasticity of demand for useful work w.r.t. the 
energy efficiency of the building    (     ), the elasticity of demand for energy for 
space heating w.r.t. the energy efficiency of the heating system    (     ), the 
                                                          
15 The relationship of the two parameters is expressed as               . 
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elasticity of demand for energy for space heating w.r.t. the energy efficiency of the 
building    (     ), the elasticity of demand for useful work w.r.t. the energy cost of 
useful work    (     ), and the own-price elasticity of demand for energy for space 
heating controlling for the energy efficiency of the building and/or the heating 
system    (     )  . 
There are studies that rely on more than one of the above elasticities in order to assess 
the direct rebound effect.  
The studies presented below are divided into two categories of models, the single 
equation and multiple equations. They are based on disaggregate data concerning 
different geographical zones and time periods, fact that enhance the variety of the 
outcomes.  
Single equation models 
Several types of data (cross-sectional, pooled cross-section, panel data) concerning 
engineering, economic and demographic variables for were collected from reviews 
(surveys) about households in order the demand for useful work or energy to be 
assessed. Moreover, for a more precise estimation of the direct rebound effect of 
household heating parameters such as the energy efficiency of the building,      and 
the related energy efficiency of heating equipment,    , should also be included. 
Below are briefly presented some studies that have been made on this field.  
A very demanding survey have been made by Douthitt (1986) regarding the demand 
for heating fuel in 370 households of Canada, using cross-sectional data covering the 
period 1981-1982. The flexibility of the price elasticity in regard to the fluctuations of 
the prices and the extra consideration about some possible selection bias (corrected it 
according to Heckman (1986)) make the study remarkable. A dynamic single equation 
model is formed with dependent variable the share of fuel consumption, households 
were categorized according to fuel used (oil, gas or electiricity), for space 
heating,     , and independent variables parameters concerning fuel prices and 
energy efficiency of the building,   . 
The assessment of direct rebound effect was based on the own-price elasticity of 
demand for each fuel controlling for the energy efficiency of the building and/or the 
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heating system    (     )  . Results regarding the short-run effect were suggesting 
10% for gas and 17% for electricity while the long-run effect was 25% and 60%, 
respectively.  
A very uncommon study has been made by Hseuh and Gerner (1993) using cross-
section data for US covering the years 1980-1981, data that provide evidence for 
demographic features of the relative sample(1028 households for gas heating and 253 
for electrical heating), thermal features of the related buildings, appliance ownership 
and others. An equation expressing the demand for fuel taking into account 
parameters that define the cost of warmth was estimated and thus the short-run effect 
can be assessed using the    ( )  . Within the model, the     (      )    is allowed 
to be estimated, which was used by Greening and Greene (1998) in order to assess the 
direct rebound effect for space heating, more specifically for households using 
electricity for heating. The estimations result in an approximately 35% for the short-
run, while the magnitude of 58% regarding the gas heated was ignored although the 
related equation had better results because of the fewer households of the sample.  
A very questionable study has been conducted by Schwarz and Taylor (1995) about 
the magnitude of the direct rebound effect for 1188 single family households, 
covering the period 1984-1985 in US. Two points make this study unusual, the use of 
measurements of thermostat settings as the dependent variable, which measurements 
are not so accurate, and the fact that in the sample low income households are not 
included. The latter, is thought to be the main reason for possible underestimations of 
the level of the effect.  
The energy efficiency elasticity of the thermostat setting (   (  )), which denotes a 
reaction to lesser space heating charges, and the related energy efficiency elasticity of 
the demand for useful work (   (     )), which is used to express the related 
alteration in demand for useful work, is possible to be estimated within their method. 
Based on the    (     ) the direct rebound effect is calculated from 1.36% to 3.41%, 
levels that are notable smaller from the previous studies.  
Haas et al., (1998a) studied the direct effect based on cross-sectional data for almost 
400 households of Austria and two years later Hass and Biermayr (2000) proceed to a 
further analysis of the data together with some other studies regarding the effect. The 
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unusual terminology combined with the bad quality of the data, are two very 
significant disadvantages of both studies. The rebound effect is estimated based upon 
three different elasticities, with    (     ) leading to 20%,    (     ) to 48% and 
   (     ) to 22%. Moreover, thermal integrity of the building (   ) was used for 
estimations of energy use for heating through a polynomial function. They result in a 
concave relationship that departs from the simple linear relationship that would be 
expected in the absence of a direct rebound effect. An estimation of the direct rebound 
effect was based on the difference between the polynomial and linear curves, leading 
to a level of the effect varying from 15% to 30%. As it seems, original magnitude of 
energy efficiency and following improvements form the level of direct rebound effect 
at a large scale. Another important conclusion derived from this study is that rises in 
energy prices affect the demand for useful work only when the above surpass a 
specific threshold.  
Guertin et al. (2003) conducted a study for Canadian households using cross-sectional 
data for 440 households from 7 regions starting from 1993. The study did not 
exclusively measures the effect regarding the space heating, but categories of hot 
water and lighting were also included.  Separate equations for demand for useful work 
(     )and energy demand for space heating (     )was feasible to be constructed 
due to the presence of a measure for energy efficiency of several conversions 
appliances, including gas boiler (  )(      =       ).  
Guertin et al. by using     (     ) the direct rebound effect is estimated 29% for high-
income households and 47% for low income households while based on     (     ) 
the percentages were 34% and 51% respectively. The smaller amount of the direct 
rebound effect on the high-income households is mainly explained due to the minor 
proportion of energy costs in aggregate costs, the minor proportion of heating in 
aggregate energy costs and the minor price of useful work due to slightly higher 
energy efficiencies.  
One of the most recent studies was conducted by Madlener and Hauertmann (2011) 
regarding the direct rebound effect on household heating in Germany, a study which 
was based on panel data from German Socio-Economic Panel (SOEP) covering the 
period 1999-2007 for 11.000 observations, a unusually large sample.  Its main target 
was to give an answer to the question concerning the relationship between the direct 
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rebound effect and the income and/or the ownership. Combined with the data from 
SOEP, which data provided information about the characteristics of the dwelling and 
also they were separate for landlords and tenants, additional data were used regarding 
the heating degree days (HDD), energy consumption and prices subjective to the 
percentage share of residence units according to the type of energy. Due to the fact the 
data that were available did not provide information about energy efficiency and 
useful energy the magnitude of the elasticity of energy demand w.r.t. energy prices 
was used (   (      )) for the assessment of the level of direct rebound effect 
separately for owners and tenants. Moreover, the level of the effect was also measured 
in regard with the income, low, high and for both. The estimations regarding both 
income groups provided a percentage of 12% for the owners and 40% for the tenants. 
Concerning the two income groups separately, the level of the direct rebound effect is, 
as it was expected larger than this for the tenants with low income from those with 
high income, 49% and 31% respectively. A result that gives an answer to the question 
concerning the impact of income and ownership upon the direct rebound effect. 
Because of suspicions for bias the results for owners there were not provided. As we 
can see, outcomes form the study did not appear any remarkable discrepancy from the 
previous.  
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Table 2.4 Estimates of the direct rebound effect for household heating using single equation models 
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Evidence from multiple equation models 
Multiple equation models are sometimes used for the estimation of the direct rebound 
effect for space heating. However, these models do not deliver proper assessment of 
   (      ) because they most of the times do not contain data of           and thus 
they are not so useful for studying direct rebound effect.  
The study conducted by Dubin and McFadden (1984) was based on a model of the 
demand for heating appliances and the related demand for energy. The symbolization 
of the system made the understanding of the analysis very difficult. Cross-sectional 
data were used for the year 1975 covering 313 households. Initially an equation was 
constructed in order the choice of a gas appliance or an electric appliance to be related 
with the parameters such as fuel prices, capital costs or average annual demand. 
Results from this equation were used as an instrumental parameter in another equation 
for the demand for electricity with respect to the choice of heating appliance. Biased 
estimates regarding the price and income elasticities of energy demand had appear.  
The short-term rebound effect based on    (      ) varies from 25% to 31% and the 
long-term rebound effect based on    ( ) lie on smaller levels. As   or    were not 
used, the results of the study can only be considered as upper bounds of the effect.  
A quite different study had been made by Nesbakken (2001) considering the case of 
Norwegian households in 1990. The special feature of his analysis was the focus on 
energy consumption exclusively for residential heating. The assessment of the 
   (      ) was based on energy prices conditional to varieties of heating appliances. 
Using an average value of the elasticity a short-term direct rebound effect of 21% was 
estimated. But, likely to the study of Dubin and McFadden (1984) the estimations can 
only be used as upper bounds for the effect due to the lack of parameters of    or   . 
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Table 2.5 Estimates of the direct rebound effect for household heating using multi-equation models 
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2.2.3 Other fields 
Household cooling 
The amount of surveys about household cooling is not significant while in addition 
the studies that have been made come to a comparison to those for space heating (i.e. 
1-26 per cent). Existing researches are too old and also suffer many drawbacks such 
as the small magnitude of the sample and the rising energy prices that were prevailing 
during the period examined. Moreover, the conclusions inferred from these studies 
cannot be applicable to other geographical regions because of differences in climate 
and the form of residences. A possible modification in the equipment utilization is the 
only factor that has been taken into account, leaving other important factors aside. As 
the amount of cooling devices rises significantly at a global level, the impact that a 
marginal consumer can have on the demand for this equipment  as well as the 
increasing number of users who already exist are both very  essential features. 
Water heating-clothes washing 
The volume of studies regarding water heating is even more limited, containing a 
survey by Guertin et al. (2003) that results in a direct rebound effect of about 34-38 
%,  a percentage that is note worthily  higher than the one deducted through quasi-
experimental surveys carried out  by Nadel (1993). Davis (2007) provided a survey 
regarding the effect for clothes washing for households that already possess an 
automatic washing machine, excluding any potential marginal consumer. He 
concluded in a quite insignificant scale of direct rebound effect (i.e. < 5 percent). This 
percentage is consistent to the assumption that “insignificant” energy services do not 
create large direct rebound effects. 
Sources of bias in estimates of the direct rebound effects 
Mainly there are two assumptions that are possible to mislead to fault results. The first 
one is the assumption that a change in energy prices is able to have the same impact 
on the demand as a change in energy efficiency, but in opposite sign. The second is 
based on the hypothesis that alternations in energy efficiency take place exclusively 
thanks to factors that find themselves outside the model, in other words assume that 
energy efficiency is not endogenous. Sorrel (2009) sets forth some reasons that prove 
these assumptions to be inconsistent.  
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To begin with, improvements in energy efficiency are possible to have some impact 
on changing costs for other inputs while changes in energy prices normally do not 
have any. Actually, the purchase of new appliances, whose value is higher than other 
less efficient devices, is a prerequisite for the development of energy efficiency. Thus, 
relying on historical and cross-sectional fluctuations of energy prices for estimating 
the direct rebound effect, we end up with a magnitude that is higher than the real one. 
The overestimated results accrue from the omission of the extra capital costs that are a 
prerequisite for energy efficiency improvements so as to be achieved (Henly et al., 
(1988)). 
Secondly, it is stated that more attention should be paid to the fact that elasticities for 
demand with respect to prices are strongly correlated with the trend of the prices 
(Gately (1992), (1993); Dargay and Gately, (1994), (1995);Haas and Schipper, 
(1998)). To be more specific, it has been noted that during periods of rising prices 
price elasticities were rising too (during periods of falling prices, price elasticities 
were falling). Furthermore, investing in procedures like thermal insulation is not 
something easily revocable, neither in short, nor in medium term. Reducing energy 
prices seems to be the most appropriate “agent” in order for the energy efficiency to 
be developed. An overestimated direct rebound effect may come along because in 
several studies the data used was related to periods during which the prices had an 
upward tendency and consequently price elasticities were overrated.  
Furthermore, the demand for useful work mainly derives from improvements in 
energy efficiency, whose growing demand subsequently leads to an increase in the 
demand for energy efficiency. As we can observe, a vicious circle is formed around 
the demand for useful work, the price for useful work and energy efficiency. Thus, 
there is a high possibility that the relationship between energy efficiency and demand 
for useful work produces more effects, other than direct rebound effect. This 
phenomenon is the so-called “endogeneity” and can be further studied by using co-
occurrent equations that are difficult in use because they are very demanding 
concerning the requirements for data. In cases where a simpler equation is applied the 
results are likely to be biased. So, there are a number of estimates of direct rebound 
effect that could be defective due to the aforementioned reason.  
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Last but not least, it would be a hint of imperfection to omit to mention the 
significance of the time cost in decisions regarding the consumption of any energy 
service. For example, of great importance is the time it takes to travel from place A to 
place B. From the past up to nowadays people prefer technologies that help them to 
save time, neglecting the extra amount of energy that will possibly be required. As a 
result, another factor that can move energy prices upwards is the time costs through 
the hourly wages rates (Becker, 1965). Thus, if time costs increase at a greater rate 
than energy costs, then the direct rebound effect for several energy services will be 
not so significant, because changes in energy efficiency affect the entire costs of 
useful work in a small percentage (Binswanger, 2001). An overestimated direct 
rebound effect will possibly occur if time costs are not considered as a significant 
factor. 
 
2.3 Indirect rebound effect  
Indirect rebound effects are likely to emerge mainly due to two different reasons; the 
extra amount of energy that is needed for the production and the installation of the 
methods that improve energy efficiency, and the indirect energy consumption coming 
from these improvements (Sorrel 2007). The first one has to do with alternations in 
energy consumption before energy efficiency enhancements occur,  while the second 
one concentrates on the increases in energy consumption that come out after these 
enhancements.  
2.3.1 Embodied energy  
The main goal of some of the improvements in energy efficiency is thought to be the 
substitution of the input of energy for capital, within the production procedure. A 
common example is that of the thermal insulation where a development in energy 
efficiency aims at substituting a fuel (energy) with thermal insulation (capital) so that 
thermal comfort
16
 is able to be achieved in the building. In the measurements of 
possible energy gains, the energy required in the stages of manufacturing and 
maintaining the related capital, also widely known as embodied energy, are often 
omitted.  For example, the stages of manufacturing a more efficient automobile or a 
                                                          
16
 Thermal comfort is defined as the state of mind in humans that expresses satisfaction with the 
surrounding environment.  
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lamp do require energy themselves. Therefore, the sector which produces the capital 
uses more energy now than before and consequently energy savings accruing from the 
substitution of capital for energy are being offset.  
Figure 2.3.1 illustrates a graphical explanation of this procedure (Stern, 2007). 
 
Figure 2.3.1 The limits to substitution (Source: Stern 2007) 
 
 
where,  F(K) depicts combinations of the two inputs, energy (E) and capital 
(K), to the production process of a fixed level of a random product or 
service. 
 G(K) depicts the indirect energy consumption related with the capital 
(K) 
 H(K) depicts the total amount of energy consumed in the economy for 
the production of a fixed level of product or service. 
After observing the figure, we could comment that energy savings accruing from the 
substitution seem to be more noteworthy than the net energy savings that come from 
substituting capital for energy. Moreover, there is a level of capital (K’) beyond which 
the embodied energy consumption will be greater than the energy gains. This will 
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have as a result the occurrence of backfire for the economy in total, even if the related 
sector uses less energy and the output from this sector remains constant. Practically, 
backfire is not possible to arise only because of this source, due to the fact that the 
cost of the embodied energy should be reflected on the cost of the advanced 
technology (Webb and Pearce, (1975)). But if costs of embodied energy result to be 
higher than the savings in energy cost, the investment won’t be cost-effective any 
more. Still, this should necessarily take into account the fact that the gains for the 
investment are only the decreased energy costs, a condition which in most cases is not 
the only one.  
As the time period of the investment raises the embodied energy related with capital 
equipment, which is proportional to a capital cost, it loses its importance 
comparatively with the enduring energy savings in progress.  
There exist some theories supporting that if we substitute labor for energy, we end up 
with similar conclusions, as energy seems to be indispensable also from the 
application of this project (Kaufmann, (1992)). Nevertheless, there is a quarrelling 
over how the energy cost of labor can be estimated (Costanza, 1980). 
Despite the fact that economists usually make a schematic distinction between 
substitution and technical change, technical change itself is directly related with 
indirect consumption of energy, as it is incorporated within capital equipment and 
skillful employees (Stern and Cleveland, (2004)).  
Factors affecting the results 
The results of the researches regarding the embodied energy effects vary significantly 
because of the above reasons: 
1. System boundaries 
In the past, due to the lack of adequate information for the measurement of embodied 
energy, a boundary had been posed and supplementary investigation in upstream was 
cut short. A variety of system boundaries was created and therefore the measurement 
figures varied resulting in a non-feasible comparison.    
2. Methods of embodied energy analysis 
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The vast majority of the studies estimating the embodied effect has been based on 
four types of analysis; process analysis, statistical analysis, input-output analysis and 
some hybrid analysis. Because of the individually immanent restrictions that method 
suffers, the outcomes are not possible to be posed side by side and get involved in a 
comparison.  
3. Geographic location of study area. 
Characteristic of each country, such as climate, geographic features and parameters 
that are related with the materials, the production procedure, energy use and labor 
“force” the studies result in outcomes of  a wide range. Factors that are related with 
industrial and economic sectors differ among countries and thus enhance the variety 
of the results. For example, in the case of a study based on input-output analysis 
different energy tariff between locations probably will cause an error of 2.6% in 
embodied energy results while different prices of the materials used in the 
construction can cause an error of 2% ( (Pullen, 1996).  
4. Primary and delivered energy  
In the case that the outcomes of the studies are grounded on data of primary energy
17
 
the inconsistency is relatively small in contrast to that case of the additional use of 
data regarding delivered (end-use) energy
18
 where the results seems to be quite 
obscure and vague. For example, embodied energy results tend to be greater by 30-
40% in building materials if the analysis is grounded upon data of primary energy and 
not the delivered one (Pears, 1996).  
 
5. Age of data sources 
The results of an analysis can become confusing and unreliable if the data derive from 
an old and obsolete technology of manufacturing instead of a new technology that is 
energy efficient (A. Alcorn, 1998)and (E.C. Peereboom R. K., 1998). For instance, 
old data related to transportation do have an impact on energy values as obviously, 
innovative vehicles are more efficient.  
 
                                                          
17
 The energy required from nature embodied in the energy consumed by the purchaser ( (R. Fay G. 
T., 1998) and (R. Fay G. T.-R., 2000)) 
18
 The energy used by the consumer ( (R. Fay G. T.-R., 2000) and (R. Fay G. T., 1998)).  
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6. Source of data 
As data is one of the key components of an analysis the accuracy of their source is 
very important ( (S. Pullen, 2006) and (A. Alcorn, 1998)). Some analysts prefer using 
their own embodied energy coefficient, while others calculate upon a database 
constructed by someone else. For example, studies that are grounded on IO method 
are influenced by the divergent data derived by national IO table, energy tariffs and 
product cost What is more, if only one source is used for the acquisition of the data, 
the results will probably be considered to be unreliable. On the other hand, LCA 
studies that are based on several sources are also likely to end up with questionable 
results because of the lack of primary data.  
 
7. Completeness of data 
The lack of access in primary data often leads the researches to resort to additional 
data deriving from a possibly incomplete, secondary database ( (G.F. Menzies, 2007) 
and (E.C. Peereboom R. K., 1998)). The cause of their incompleteness is basically 
rooted in the unsuitable technique of calculation or to the partial choice of the 
boundaries of the system.  
8. Technology of manufacturing processes 
The variety of production technologies and the type of energy consumed in the 
process is likely to lead to significant differences in the embodied energy data (Pears, 
1996). 
9. Feedstock energy19 consideration 
The factor of feedstock energy can exert great influence on the results of 
measurements of embodied energy or LCA. Thus, a result from a research that 
contains feedstock energy may differ significantly from that of a research has not 
incorporated its calculations of feedstock energy and therefore those results are not 
comparable.  
10. Temporal representativeness 
                                                          
19
 Feedstock energy is the energy used as an ingredient in the production process of a material. (Dixit 
et al. 2010) 
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The last parameter that can have a significant impact on the results is the temporal 
correlation of the data. Results from studies that use new technologies diverge with 
the results derived from studies based on old technologies. 
Evidence for limits to substitution 
The magnitude of own-price elasticity of total energy demand can be used in order 
some clues about the significance of the embodied energy effect to be extracted. 
Basically, this accounts for the possibility for substituting, capital, labour and 
materials for energy keeping the output constant (Sorrell, (2007)). In the case where 
energy price elasticity is calculated for a specific sector it does not incorporates extra 
amount of energy related with capital, labor and other material inputs. Since the 
amount of energy that is consumed indirectly is expressed by the own-price elasticity 
of total energy, the latter’s level should be less than elasticity of energy demand 
within each sector. But, the aggregate energy elasticity probably will reflect price-
induced alternations in economic structure and product mix and therefore its 
magnitude will be larger than weighted average elasticity (Sweeney, (1984)).  
A minor scale of long run elasticity for primary energy denotes a small possibility of 
substitution and therefore small possibility of significant indirect rebound effects, a 
result which is in contrast with this regarding the direct rebound effect. Some 
estimations of the magnitude of elasticity are presented in Table 3.2.1.  
 
Table 2.3.1: Estimates for long-run elasticity of demand for primary energy (Source: Sorrell, 2007) 
Author Long run elasticity of demand for primary energy 
Sweeney (1984) -0.25 to -0.6 
Kaufmann (1992) -0.05 to -0.39 
Hong (1983) -0.05 (US economy) 
 
 
2.3.2 Secondary effects 
The demand for products and services is highly affected by the energy efficiency 
enhancements. For example, through buying a more efficient automobile the demand 
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for public transportation will be reduced, while the demand for actions which are only 
accessible via a passenger car will increase.  As we notice, in the end, and always due 
to indirect energy consumption, the total amount of energy consumed is possible to be 
either increased or reduced. The estimation of this net effect has many obstacles.  
Moreover, analogous impacts can be observed when energy efficiency improvements 
seem to make their appearance on the part of the producers. Most of the times, energy 
efficiency improvements related with the production of a good, which can be used as 
an input for another production process, tend to diminish the cost of its production 
and therefore the cost of it as an input. Thus, the cost of the final product will 
decrease while at the same time its demand will increase.   
As we can see, the augmentation of energy efficiency affects not only the prices of 
goods and services, but their quantities as well. Therefore, goods and services whose 
production is mainly based on energy will be affected at a larger scale comparatively 
with goods and services that are not energy intensive. Prices of energy intensive 
goods tend to fall and subsequently their demand rises.  
Real income of the consumers tends to increase as energy prices and product prices 
decrease. As the purchasing power increases, the demand for products and the 
investments increases too, supporting an even higher economic growth and energy 
demand. Moreover, this kind of interactions among the features of national economy 
is possible to affect energy prices at an international level.  
The bulk of the studies regarding the embodied effects support that embodied effects 
are of minor importance because of their small magnitude (Lovins et al., (1988); 
Greening and Greene, (1998); Schipper and Grubb, (2000)). This is grounded on the 
fact that energy constitutes a small part of the aggregate consumer expenses and 
moreover for the majority of the products energy share as an input in their production 
is relatively small. For example, if energy efficiency improvements are able to reduce 
energy consumption per lamp by 10% and there is no direct rebound effect, the 
consumer’s expenses regarding lighting will decreased by 10%. If expenses for 
lighting accounts for 5% of consumers expenditures in total, then the income will be 
increased by 0.5%.  
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In general, for the bulk of products, the expenses regarding energy, always in 
reference with the input-output tables, are less than 15% of the expenses in aggregate. 
Thus, secondary effects such as the embodied one constitute only about the one tenth 
of the direct effect (Greening and Greene, 1998). 
Moreover, due to the fact that for most enterprises energy consists only a small 
percentage of the entire production expenses (typically <3%) while also the 
intermediate products possess only a small part of the total expenses in the majority of 
the final products, the magnitude of the indirect rebound effect is significantly 
restricted in comparison to that of the direct rebound effect (Greening and Greene, 
(1998)).  
Nevertheless, there are some quantitative studies that do not support those 
assumptions above.  These studies are based on the idea that augmenting energy 
efficiency does result in the reduction of energy cost. But there are also arguments 
supporting that energy efficiency improvement will also reduce expenditures of other 
inputs, such as capital and labor. Cost savings derived from these reductions tend to 
be greater than the savings in energy expenses on its own. 
Evidence for secondary effects 
Three studies were found to be noteworthy concerning the measurements of the 
secondary effects. To begin with, Brännlund et al. (2007), whose research was 
dedicated to the impacts of a 20% energy efficiency improvement on personal 
transportation and residential heating in Sweden. An econometric model was used for 
the total expenses of a household, allowing the estimation of own-price, cross-price 
and income elasticities for every good and service individually. Substitution and 
income effects seem to occur due the reduced cost of transportation and heating 
because of the energy efficiency improvements. They result in a rebound effect (direct 
+ indirect) of 120% for transportation and 170% for heating, based upon a 
combination of the alterations in several types of demand with CO2 emission 
coefficients for each group of service and group. Some drawbacks of their study, such 
as omitting to include the whole estimation process, were overpassed by Mizobuci 
(2007) who adapted Brännlund et al. (2007) study to Japanese households. Even 
though its country/study has its own special features their results do not vary 
significantly. Moreover, Mizobuchi (2007) takes account of the extra capital cost of 
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energy efficient appliances and discovers that decreases the rebound effect 
significantly. The last paper is of Alfredsson (2004) and is based upon consumer’s 
marginal propensity to spend of dissimilar income sets in Sweden. He investigates the 
direct and indirect impact of environmental friendly consumption patterns, which 
contain technological and behavioral modifications. Greener consumption reduces 
energy use along with consumer’s expenses. In this case, re-spending effect appears 
which decreases energy savings. The transition from a less green consumption to 
environmentally friendly consumption patterns in the sectors of travelling, food and 
housing, at the end “produces” a rebound effect of 35%.  
To conclude, after reviewing the small sample of the studies extra effort should be 
made in order the field of secondary effects to be entirely explored and thus general 
conclusion to be drawn. 
 
2.4 Economy-wide rebound effect  
The majority of the studies focus on the analysis of the direct rebound effect and 
mainly on the impact that energy efficiency improvements have on the consumer’s 
behavior regarding the amount of energy consumed. Beyond these effects there are 
some non-direct or economy-wide effects that capture the impact of energy efficiency 
improvements on the relative price, output and income changes and are analyzed in a 
general equilibrium framework. Concerning this effect there are some theoretical and 
empirical analyses that will be briefly presented below. 
2.4.1 The general equilibrium rebound effect: theory 
To begin with, we must clarify that energy can be measured in two ways, in natural 
units (E) and in efficiency units (ε). Energy that is measured in natural units can be 
expressed in kWh, BTU or PJ, while energy as efficiency units is expressed as the 
effective energy service supplied. The relationship below defines the energy that is 
consumed expressed as efficiency units,  ̇, if the amount of energy in natural units,  ̇, 
is increased due to technical improvements at a rate ρ. 
                                                             ̇     ̇      (1) 
 
Approaching and analyzing the rebound effect 
towards sustainable development   The rebound effect 
[70] 
 
The above relationship (1) indicates that if energy efficiency improves at an x 
percentage then a fixed quantity of energy measured in physical units will be linked to 
an x percentage growth in energy expressed in efficiency units. In other words, if 
energy efficiency improves at an x percentage then an equal x percentage increase will 
come about in energy inputs, leaving efficiency savings aside.  
The link between improvements in energy efficiency and the influence that this has on 
the price of energy is of a high importance. If energy is quantified in efficiency units, 
then: 
                                                         ̇    ̇                                                           (2) 
 
where  ̇  and  ̇  denote a proportional change in prices of energy measured in natural 
units and in efficiency units respectively. Following the previous example, an x 
percentage progress in energy efficiency will lead to an equivalent decrease in the 
price of energy measured in energy efficiency units.  
The grounds of the rebound effect are founded on a rise in the demand for energy in 
terms of efficiency units that is expected to be generated by a decrease in the price of 
energy measured in efficiency units, maintaining the stability of the prices of energy 
in terms of natural. Within the general equilibrium model:  
 ̇      ̇       (3) 
where η denotes the price elasticity of demand for energy within the context of 
general equilibrium and has been given a positive sign. The impact energy efficiency 
improvements, in the aggregate of energy services in the economy, are possible to 
have on the demand for energy measured in natural units can be rated by replacing 
equations (2) and (3) into (1). 
 ̇  (   )      (4) 
 
Rebound effect for energy efficiency improvements of ρ is defined as:   
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 ̇
 
                (5) 
Rebound effect is equal to 1 when improvements in energy efficiency have not called 
forth any alterations in energy use. Amounts of the rebound effect smaller than 1 but 
larger than 0 are due to partial energy savings brought about through the development 
of energy efficiency, but not to the highest degree of the energy efficiency achieved.  
The connection between the general equilibrium elasticity of demand for energy and 
the rebound effect is obvious if equations (4) and (5) are combined: 
                                                                                       (6) 
This abstract conceptualization of the effect is perfectly suitable to imported fuels 
whose natural price is shaped up through exogenous factors or changes solely 
according to the demand quantified in natural units. General equilibrium elasticity is 
possible to affect energy use and consequently the rebound effect. Primarily, if the 
value of elasticity equals to zero then the decrease in energy use will be proportionate 
to the development of energy efficiency and thus the rebound effect will be 0, too. In 
case that elasticity is a positive number lower than a unit and consequently energy 
demand is price inelastic, a remarkable decrease in energy use is going to take place 
simultaneously with some rebound effect. Finally, in the case of elasticity being more 
than 1 and energy demand is price elastic the amount of energy that is used increases 
as energy efficiency improves and consequently rebound effect is more than 1 and the 
phenomenon of backfire appears.  
Empirically estimating the rebound effect contains two issues that we need to 
concentrate on. Firstly, we should not neglect the fact that the rebound effect is also 
determined by the price of energy if measured in physical units and is considered as 
endogenous. The reason why energy price is considered as endogenous lies on the fact 
that energy is regularly produced in the inland of a country and this itself consists one 
of the main inputs to its production process. Secondly, the recognition and 
determining of the elasticity of demand for energy within the general equilibrium 
model is also of great importance. According to Allan et al. (2008) there are several 
factors within the economy that bear upon the way energy demand might response to 
a modification of prices. What is more, besides the importance of elasticity of 
substitution during the production process there are a lot of factors that should be 
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examined in more detail. Some of them are the elasticity of demand and supply for 
single products/services, several parameters of the trade of energy and energy 
intensity for different procedures.  
 
2.4.2 A basic introduction to CGE model 
There are several kinds of general equilibrium models whose roots are in Walrasian 
general equilibrium theory. Even though their basis is the same, at the present time 
most of the studies do not assume full market clearing or perfect competition 
worldwide. The graphical representation of a classical CGE model is similar to a 
simple macroeconomic circular flow diagram. Their main feature is the separation of 
households or activities. A coinciding balance between commodity and factor market 
in terms of relative prices is a basic precondition for the general equilibrium model. 
As far as the function of the markets and the topic on which each model focuses is 
concerned, a lack of homogeneity can be easily observed.   
Most of the times, a social accounting matrix (SAM) is used as database, representing  
flows of all economic transactions (production and consumption activity) that take 
place within an economy (regional or national). Derived from a base-year data (SAM) 
some structural parameters (e.g. industry cost structures) consists one of the three 
types of CGE parameters used. The other two are key parameters and all the 
remaining parameters. The first category of parameters involves some certain ones, 
such as substitution elasticities which are identified through econometric estimation 
and mostly are subject to sensitivity analysis. The latter includes factors that are 
defined through standardized adjustment to the yearly-based data set. 
Allan et al., (2009) focus on a small sample of CGE models that study effects of 
energy efficiency improvements and evaluate the magnitude of the rebound effect. 
More specifically they concentrate on eight studies, whose results and conclusions are 
delineated. Moreover, they identify the points to which studies converge or not and 
the mechanisms through which the estimates are accrue. Interesting conclusions build 
up from their analysis, which contribute to the identification of the best practice and 
help to avoid possible failings in future studies.  The most restricted economy-wide 
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rebound effect has been discovered by Allan et al., (2006) which is between 14-31 
percentage and backfire occurs in accordance with four studies. 
The papers are differentiated because of some key features, such as: 
 Treatment of energy in the production function 
 Elasticity of substitution with energy in production 
 Capital 
 The labour market 
 Recycling of government revenue 
A brief analysis of the above parameters is presented following: 
Energy in the production function 
The majority of the CGE models have used in their production function the nested 
structure; mixtures of inputs are used to the production of an intermediate or 
composite which then is combined with another input in order to produce the final 
output. The easiness of substitution between two inputs is expressed through the 
elasticity of substitution, σ.  
Among the CGE models, that are the ones used by now, Allan et al. (2009) identified 
four different approaches concerning the combination of energy with other inputs and 
therefore different types of nested structure. In the first one, the production structure 
A energy is directly substituted by capital or labour (Semboja, 1994). The second 
production structure, B, refers to the case in which energy is replaced by a value-
added complex made up of a mixture of labour and capital (Washiba, 2004). In the 
third type of production structure, C, energy and capital are blended together to form 
an energy-capital composite which will later be substituted for labor (Vikstrom, 
2004), and Grepperud and Rasmussen, (2004)). Last but not least, in the fourth 
production structure, D, in which a combination of inputs labor and capital are 
combined in order to form a value-added compound, while energy and non-energy 
inputs shape an intermediate input composite (Hanley et al., 2006, and Allan et al., 
(2006)). 
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Energy as an input to the production process is always considered as an output, drawn 
from combining some energy carriers such as oil, coal, gas or electricity. Among the 
energy categories that are used, a substitution is also feasible (Washiba, (2004)).  
Allan et al, (2009) cannot conclude if the presence of backfire is not only because of 
the existence of a nested structure of the production. For example, a not so a common 
unitary elasticity of substitution between several inputs that is assumed in the papers 
is possible to affect the occurrence of backfire, far more than the nested production 
structure itself.  
Elasticity of substitution with energy in production 
There is a debate among studies if the elasticity for substitution possesses a significant 
role for the magnitude of the rebound effect.  
Each of the reviewed surveys uses different value of elasticity of substitution. 
Washiba (2004) uses an elasticity of 0.5, which concerns the substitution of energy 
with value-added. In the papers of Grepperud and Rasmussen (2004) and Vikstrom 
(2004), in each sector that is being studied some different value of the elasticity that 
concerns the substitution of energy with capital is mounted. A range of 0.07-0.87 
across sectors is used in the study of Vikstrom, where values have been extracted 
from studies of the related literature. Eventually, a constant elasticity of 0.3 for each 
sector is used concerning the case of substitution of energy with non-energy 
compounds studied in the papers of Hanley et al. (2006) and Allan et al. (2006).  
Werf (2007) in his paper noted that when a model is using a value of elasticity equal 
to one then technological changes in the production function become neutral and a 
CES function will reduced to a Cobb-Douglas.  
Capital 
 In the majority of the studies capital stocks are considered to be fixed regarding the 
short run and completely variable regarding the long run, while in some cases it is not 
clearly stated. Due to their importance it is vital to mention the key assumptions of 
some studies. Dufournaud et al. (1994) assumes that in each sector the capital stock in 
total is fixed while it is considered to be adjustable in the study of Glomsrod and Wei 
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(2005). Moreover, Hanley et al. (2006) and Allan et al. (2006) assume that overall 
capital stock is adjustable through investment. 
The labour market 
As long as the rebound effect is highly dependent on induced output variations the 
labour market will considerably affect its magnitude. If labour supply is steady any 
evolving supply side policy
20
 will increase the real wage due to the enhanced labour 
demand. Nevertheless, this reaction will not affect employment. But if labour supply 
expands because of the increased real wages then employment will also expand and 
therefore extra rebound effect will possibly occur.  
The assumptions regarding the labour market are not clearly defined in the reviewed 
studies. In the papers of Vikstrom (2004) and Washiba (2004), where energy 
efficiency models are studied, total labour supply is assumed to be constant. Whereas, 
Glomsrod and Taoyuan (2005) take into account that labour supply is infinitely 
elastic. In Hanley et al. (2006) study the wages have been drawn from a negotiated 
real wage function and they are conversely correlated to the unemployment rate 
because real consumption wage is connected to the employees’ bargaining power.  
Even if, labour market is very significant for the estimation of the rebound effect the 
models are not transparent.  
 
Recycling of government revenue 
Energy efficiency improvements except for the part of the stimulating supply side 
they also contribute to the growth of the economy and employment and therefore to 
the increase revenues derived from taxes. This relation was further studied in the 
papers of Dufournaud et al. (1994) and Glomsrod and Taoyuan (2005) whose focus is 
directed onto the case of the developing countries. Moreover, Allan et al. (2006) noted 
that the magnitude of the rebound effect is possible to be affected by the way in which 
taxation revenues are recycled back to the economy. In their paper, tools such as 
reduced tax rates or higher government expenditure contribute to the recycling of the 
                                                          
20
 Supply Side Policies are government attempts to increase productivity and shift Aggregate Supply 
(AS) to the right. 
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government revenue. In Grepperud and Rasmussen (2004) an obvious recycling of 
government revenues does not appear because government expenses are considered to 
be exogenous and steady-growing. A similar path has been followed in the studies of 
Hanley et al. (2006) and Semboja (1994). A different route for the recycling of 
government revenues has been noted in the study of Glomsrod and Taoyuan (2005) 
where increased savings driving investment is preferred instead of increased 
government expenditures.   
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Chapter 3 
Sustainable development  
3.1 What is sustainable development?  
The concept of sustainable development has its roots in some environmental concerns 
and was expressed in 1987 by the World Commission on Environment and 
Development (Brundtland Commission 1987) as:   
“Development that meets the needs of the present without compromising the ability of 
future generations to meet their own needs” 
This made clear that the issue of sustainable development does not concern only a 
specific sector but encompasses a lot of sectors globally and identifies that 
sustainability should be achieved via an equivalent progress in the fields of the 
environment, economy and society, by taking into account restrictions such as the 
limited quantity of natural resources.  
 
 
Figure 3.1: Definitions of sustainable development (source: R. Kates et al. (2005)
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3.2 Early history of sustainable development  
Back in 1992, Rio Earth Summit took place in the presence of 152 world leaders and 
among other issues sustainable development was included in Agenda 21, along with 
action plans and an exhortation that all countries in national level should encompass 
in their policies, strategies that would promote sustainable development. Even though 
legally binding conventions (the UN Convention on Biological Diversity (CBD) and 
the UN Framework Convention on Climate Change (UNFCCC )) and many 
comprehensive reports have been established, ordinary citizens around the world 
seem to be very superficially informed about the details of the issue. 
Ten years after the Rio summit, outcomes concerning sustainable development seem 
to be very weak,, as the World Development Movement notes. “Despite thousands of 
fine words the last decade has joined the 1980’s as another ‘lost decade for 
sustainable development’ with deepening poverty, global inequality and 
environmental destruction”. Obstacles like the misconception on the part of the 
majority of the nations, that the path towards sustainable development is expensive or 
even a brake on development seem to have played a decisive role in that. Moreover, 
as poor countries were suffering a lack of instruments such as physical infrastructure, 
ideas and human capacity the integration of sustainability in the actions for 
development appeared to be infeasible. What is more, some impressions such as that 
the developed countries do not really commit to sustainable development, and that the 
environmental costs are not apportioned fairly along with responsibilities or even that 
it is achievable for the environmental issues is feasible to be kept in pending until the 
developing nations become wealthier, added further hurdles (LEAD International and 
Panos London, 30 August 2002).  
The Millennium Ecosystem Assessment was published in the March of 2005. It took 
four years and the effort of 1.300 researchers from 95 countries in order the 
assessment to be carried out. The Global Environment Facility, the United Nations 
Foundation and the World Bank were among others, some of the basic funders of it.  
The future of our planet was not foreseen bright were the key features are included to 
the following arguments: 
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Within the assessment, more than ever, emphasis has been put onto the economic 
value of the environment. This time, an appropriate accounting of the use of 
resources, along with some addressing of the purposes of consumption are essential.  
In addition, potential “externalities” which until then they had been considered as 
economical, have to be internalized.  
In 2002, Johannesburg hosted the World Summit for Sustainable Development where 
world leaders decided that a package of tools and policies concentrating on the 
sustainable consumption and production is essential (Hertwich, LCA to Sustainable 
Consumption: A critical review (2005)). The decision made included that the majority 
of the programs should be based on life cycle assessment to endorse sustainable 
development, a tool that is going to be discussed further on.  
 
 Everyone in the world depends on nature and ecosystem services to provide the conditions 
for a decent, healthy, and secure life. 
 Humans have made unprecedented changes to ecosystems in recent decades to meet 
growing demands for food, fresh water, fiber, and energy [which has] helped to improve the 
lives of billions, but at the same time they weakened nature’s ability to deliver other key 
services such as purification of air and water, protection from disasters, and the provision of 
medicine. 
 Human activities have taken the planet to the edge of a massive wave of species extinctions, 
further threatening our own well-being. 
 The loss of services derived from ecosystems is a significant barrier to the achievement of the 
Millennium Development Goals to reduce poverty, hunger, and disease. 
 The pressures on ecosystems will increase globally in coming decades unless human attitudes 
and actions change. 
 Measures to conserve natural resources are more likely to succeed if local communities are 
given ownership of them, share the benefits, and are involved in decisions. 
 Even today’s technology and knowledge can reduce considerably the human impact on 
ecosystems. They are unlikely to be deployed fully, however, until ecosystem services cease 
to be perceived as free and limitless, and their full value is taken into account. 
 Better protection of natural assets will require coordinated efforts across all sections of 
governments, businesses, and international institutions. The productivity of ecosystems 
depends on policy choices on investment, trade, subsidy, taxation, and regulation, among 
others. 
*An interpretation of the key essages to emerge from the assessment, from the Board of Directors 
governing the MA process, March 2005. 
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The summit ended up with two outcomes papers; a political declaration and a so-
called partnership initiative. The first one includes a program of action towards 
sustainable development. The program is negotiable and is a kind of guide for each 
country so that policies are introduced in a national level. The second consist of action 
plans that are not obligatory for the countries but contains voluntary programs that are 
possible to be applied between them.   
The results were strongly criticized behalf of the majority of the NGOs. Their main 
point regarding the political declaration was that there were no actual new 
commitments or goals. Moreover, the nations showed some reluctance because of the 
irresponsible, and sometimes blocking, attitude of the nations led by the US, 
concentrated on environmental issues. The fact that the partnership initiatives are 
voluntary and not compulsory encouraged the judgmental behavior of the NGOs, even 
more.  
In June of 2012, Rio +20 or the Earth Summit 2012 was conducted and its main 
objectives were the following: 
 to secure renewed political commitment to sustainable development 
 to assess progress towards internationally agreed goals on sustainable 
development 
 to address new and emerging challenges 
 
Green economy and sustainable development were the two cores of the Summit. 
Therefore, a set of goals were proposed to be adopted by the policymakers towards 
this direction, which has been widely known as Sustainable Development Goals 
(SDGs) and are illustrated in Figure 4.2. Apart from assigning a label to and 
challenging issues like poverty elimination and environmental protection, one of its 
main purposes is also the sustainable consumption and production. Moreover, it is 
thought to be as a foundation for energy economy at a global level.  
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Figure 3.2: Scope of SDGs (Source: Agenda 21 and Johannesburg Plan of Implementation) 
 
3.3 Energy efficiency and sustainable development 
As time goes by, sustainability objectives tend to become more exigent, and 
undoubtedly one key feature for achieving them are improvements in energy 
efficiency. As we have seen in previous chapters, energy efficiency might lead to 
rebound effects and even backfire. Thus a brief analysis of the impacts of energy 
efficiency improvements regarding sustainability is essential. In order to fulfill this 
purpose, a simple stylized model of a small open economy has been used (Allan et al., 
(2009)).  
In this approach the output produced by economy is expressed as Q and has two 
components; constant quantity of native resources, N, and homogeneous energy used 
in production, EP. The products could be exported or consumed within the economy 
while energy is solely imported at a constant international price. If we subtract 
imports of energy from the output of the economy we get a surplus created in 
production, S, offered for consumption, C.  
The model can be specified under three assumptions; without energy as an input there 
is no output, a rise in the energy use (keeping all the other inputs constant) will 
produce additional output but with a declining rate, there are constant returns to scale. 
Eventually, the model is expressed as:  
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The above model is shown in Figure 4.3, where 4.3a illustrates aggregate output and 
aggregate energy cost as a function of the amount of energy inputs. The maximum 
output offered for every energy input is presented by the production frontier Q(EP), 
while there is a constant input of local resources and a certain compliant technology. 
Every point within the production borderline is technically efficient, while technical 
inefficiencies have been illustrated through points that are below and on the right of 
the production borderline. For every point, any likely move towards the borderline 
will produce more output using less energy.  
In the lower half of figure 4.3b is given the related maximum consumption amount, 
subject to the constraints of fixed levels of natural resources and technology. 
Government’s targets, in a centralized command economy, such as the maximization 
of the consumption are achieved for an energy input where the marginal product of 
energy is equal to the price (
  
   
   ). This is illustrated by point A to figure 4.3(a) 
and (b), with an output Q* and consumption C*. This would also be the case in a 
decentralized perfectly competitive economy, which lacks any market failures, as 
when energy price is equal to the marginal product of energy, the profits are 
maximized.  
The issue of sustainability seems to be creating worries regarding the energy use. It 
seems that the current amount of energy consumption is considered to be 
unsustainable. The notion of a social welfare function (SWF) reflects the preferences 
of the society regarding the outcomes, which are not necessarily the competitive ones 
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(Bergson, (1938); Samuelson, (2004)). In our case, consumption is a positive element 
of the SWF while energy use is a negative one. Principally, less current energy use 
leads to better welfare for future generations.  
Consider that sustainability includes a minimum amount of consumption,  , and a 
maximum energy use in production,   . Within the energy input, product output 
space is defined by: 
             
Different combinations of consumption and energy use leading to equivalent levels of 
social welfare, which are illustrated with a number of convex iso-SWF curves.  
By including concerns about sustainability, the social welfare will be maximized 
when the consumption curve in Figure 3.3b is tangent to the highest iso-SWF curve 
(point B, in Figures 3.3a and b). At that point the levels of output and consumption 
will be less than before (Q**<Q* and C**<C*).   
To conclude, taking into consideration sustainability issues we obviously tend to 
consume less energy now just because of our concern about the utility of future 
generations. Thus the magnitude of the rebound effect probably can be eliminated. 
This trend most of the times meets resistance on the part of the political scene.  
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Figure 3.3 Output, consumption and energy-use levels in the standard open economy model (Source: Allan et al. 
(2009)) 
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3.4 Energy efficiency and energy productivity  
In general, an increase in energy efficiency leads to highly improved energy 
productivity holding the amount of energy inputs constant. This can be expressed as 
efficiency units, F, accruing from energy inputs, where: 
                                                                          (3) 
An increase in energy efficiency is expressed by an increase of n. Similar to the case 
of useful work, where an increase in energy efficiency was measured as an increase in 
useful work. We should not omit to mention that here energy is measured in natural 
units. Natural units of energy can be replaced by efficiency units in the production 
function (2), where: 
                                           
            (    )   (     )    (4) 
 
If we take into consideration that energy is measured in natural units the production 
borderline will move upwards and onto the left, remaining rigidly attached to the 
source, as shown in Figure 3.4 (a). The main element of an increase in energy 
efficiency is that the same level will be produced by holding all the other inputs 
constant while the amount of required energy will be reduced. Moreover, based on a 
compliant production function, higher levels of output can be produced with fixed 
inputs, both energy and non-energy.  
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3.5 Energy efficiency and energy use  
In the Figure 3.4 (a) what is being illustrated is the impact of an increase in energy 
efficiency, ̇, on the output, while in the Figure 3.4(b) we can observe the 
corresponding influence on the consumption. A Cobb-Douglas production function
21
 
has been used for the construction of the figures. So, the equation (4) is written as: 
 
                                                            
     
     
      (5) 
 
where,             . A is a general productivity parameter and α a 
distributional parameter. Also,        , so that where the general productivity 
and the natural resource input is fixed and B is a constant.  
In the Figure 3.4 (a) we can see that as energy efficiency increases the production 
borderline is shifted outwards. The amount of product is constant while the level of 
energy use decreases. Thus, sustainability levels regarding energy use are achieved 
without decreasing the level of the output that is produced. In Figure 3.4 (b) is 
illustrated the fact that social welfare maximizes while consumption notes a slight 
decline.  
                                                          
21
 The main characteristic of a Cobb-Douglas production function is that the elasticity of substitution 
between the inputs is equal to 1. 
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Figure 3.4 The impact of an increase in energy efficiency on output, consumption and energy use (Source: Allan et 
al., (2009)). 
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3.6 Energy efficiency and taxes  
As we have already seen improvements in energy efficiency undoubtedly lead to a 
greater consumption of energy, measured in efficiency units. A sort of intervention on 
the behalf of the government, mainly through imposing taxes or subsidy policies in 
order to adjust the prices that producers face, is likely to take place. Such policies 
have as their main target a more proper allocation of resources and therefore 
improving allocative efficiency
22
 of the market mechanism in the accomplishment of 
sustainable objective.  
In the model that we use there is only one price,   , which is the price of energy in 
relation to the products that are produced domestic and is considered to be fixed in 
international markets. If a post-tax price,   , is introduced then the price will be 
defined as:  
 
                                                                                 (6) 
 
where   is the ratio of the post- to pre-tax energy price. In the case where   is equal to 
1 then the level of the tax will be zero. A subsidy is implied for prices less than 1 and 
a tax for prices greater than 1. The motive of imposing a tax is the internalization of 
externalities and not financing public goods. Thus, the revenues having accrued from 
taxes are redistributed to the residents. Improvements in energy efficiency mixed with 
a tax policy are illustrated in Figure 3.5.  
                                                          
22
 Allocative efficiency involves making the best choice of inputs and scale of production among the 
technically efficient alternatives. To reach overall economic efficiency, the outcome must be both 
technically and allocatively efficient.  
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Figure 3.5 The effects of energy taxation on output and energy use (Source: Allan et al.,(2009)). 
 
To conclude, acting in accordance with the trends and guidelines of sustainable 
development will result in a reduction of the rebound effect, at least for the present. 
As enhancements in energy efficiency increase energy productivity, less amount of 
energy are used during the production at the level of output remains stable. On the 
other hand if energy efficiency leads to greater consumption of energy, energy taxes 
might be imposed in order to halt the additional use of energy, while attention should 
be paid to the route that government will choose to recycle the revenues from the 
taxes in order to eliminate direct or indirect rebound effects. 
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Chapter 4 
Life-cycle assessment 
4.1 Early history of Life Cycle Assessment (LCA)  
Back in early 1970, simultaneously in UK, Switzerland, Sweden and the USA the life 
cycle approach (LCA), also known as “resource and energy product analysis” or “eco-
balance”, made its first appearance (Haes and Heijungs (2007)). In the beginning, the 
structure of the model was simple, if we consider the fact that the energy use and the 
production of the final waste were the only parameters. The purpose of the LCA was 
the estimation of the “embodied energy” of a product, similar to the energy analysis. 
Case studies of household products such as beverage containers, detergents and 
diapers were under examination. More specifically, the abundance of assessments 
regarding the beverage containers result in higher “embodied energy” for reusable 
plastic bottles, followed by the aluminum which dominates over the  glass, as glass 
had to be transferred from one place to another cover large distances.  
The results concerning the “embodied energy” of the diapers, paper and cotton, were 
not possible to be compared and therefore to come up with a conclusion. The reuse of 
a cotton diaper keeps the amount of energy needed low but the energy that is used in 
order to be washed increases it. Regarding the paper diapers, fact that they cannot be 
reused, leads to a higher production of waste. Nevertheless, when matching waste 
incineration to energy recovery the quantity of waste produced is significantly 
reduced and therefore paper diapers seem to win the battle of energy balance.  
The reputation of LCA studies has been ruined because of the misuse on the part of 
the companies. In the past, companies in order to advocate the environmental 
superiority of their products they were using LCA in an incorrect way, with their 
methods being quite arbitrary. Until today, the recent LCAs are disputed because of 
the impulsive assumptions about the environmental features of the products. 
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Role of SETAC since the end of the 1980s 
A crucial role in the development of the LCA possesses the Society of Environmental 
Toxicology and Chemistry (SETAC; www.setac.org/ ) which in 1989 provided LCA 
with a house. Many steps have been made in order a stable technical framework, a 
constant terminology and a methodology to be established.  
Because of the variety of the products upon which the model had been applied, the 
establishment of a functional unit (i.e. unit in which the impacts of the product will be 
expressed) proved to be essential so that a comparison among the results would be 
feasible.  
Furthermore, a sort of boundaries between environment and economy had to be 
defined. We have to deal with a completely different case when one element is 
considered as a part of the environment or as a part of the economy. (i.e. if a land fill  
consists part of the environment, then the whole waste put in the land fill is an 
emission to the environment; on the other hand,  if it is part of the economy, only the 
emissions from the land fill are emissions to it (Haes and Heijungs (2007)).  
Another significant problem regarding the methodology was the “allocation of 
multiple processes”. Multiple processes are defined as the processes that serve more 
than one purposes. A common example is the waste incineration in combination to the 
production of electricity. The question that arises is whether the emissions of the 
process should be included in the waste management service or in the production of 
electricity. In the cases where heat production is also included the level of complexity 
is higher.  
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The Role of ISO 
The International Organization for Standardization (ISO; www.iso.org/ ) back at 1994 
began with its 14040 series on LCA. It ended up with two standards ( (ISO 14042) 
and (ISO 14043)), resulting from initially four (the previous two together with ISO 
14040 and ISO 14041). ISO 14042 is related to life cycle impact assessment, while 
ISO 14043 consists a life cycle interpretation. ISO standards contributed to eliminate 
the disparity among the different schools of LCA but they did not set (impose) any 
kind of uniform method.  
A much more thoroughly detailed technical framework was established in the end, in 
contrast to the one developed by SETAC. In this framework the separation of the 
elements in subjective and objective was achievable for the majority of the cases. One 
of the subjective phases is the so-called “goal and scope definition” which includes 
goals such as the definition of the product that is going to be analyzed, the level at 
which we want to pore over, the kind of impacts that is going to be examined as well 
as the use of the results planned. Two objective phases follow the first, the life cycle 
inventory analysis (LCI) and the life cycle impact assessment (LCIA). The first one 
focuses on the extractions and emissions accruing from the procedure of the product 
system
23
 while the second, has to do with the assessment of the impact that they have 
on the environment. Last but not least, we come across with a more subjective phase, 
life cycle interpretation, where the outcomes are examined in juxtaposition to the 
initial purpose of the survey.  
                                                          
23
 As product system is defined the collection of unit processes (unit process: smallest element 
considered in the life cycle inventory analysis for which input and output data are quantified) with 
elementary and product flows, performing one or more defined function, and which models the life 
cycle of a product. 
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Figure 4.1: Stages of an LCA study (ISO 14040, 2006)  
 
Role of UNEP/SETAC life-cycle initiative 
In late 1990, the United Nations’ Environment Program (UNEP; www.unep.org ) 
acquired a powerful role in the area of LCA, in its base in Paris. The organization in 
association with SETAC, aiming at putting LCA and other life-cycle methods into 
practice, established in 2002 the so-called UNEP/SETAC Life-Cycle Initiative 
(www.uneptie.org/pc/sustain/lcinitiative/ ). The initiative includes three key 
programs: an LCI program, an LCIA program and a LCM program (life-cycle 
management).  
Subjective phases 
(a) Goal and 
scope definition 
(d) Life cycle 
interpretation 
Objective phases  
(b) Life Cycle 
Inventory 
Analysis 
(c) Life Cycle 
Impact 
Assessment 
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Figure 4.2: Key programs of the Life-cycle Initiative 
The main goal of the first two programs (LCA and LCI) is to encourage the 
application of the LCA by focusing on the evolution of suggested practices. However, 
the third one (LCM) seems aim more widely including among others the adoption of 
tools and practices that will enhance the management of products or services during 
their lifetime.  
The fact that developing countries present low levels of development raises severe 
political issues, an uncontrolled increase of population and eventually jeopardizes 
sustainable development. Sometimes the amount of huge development programs not 
only does bring about serious environmental problems, but is also possible to lead to 
underdevelopment. Therefore, some balance between rapid economic growth and 
environmental problems is deemed as necessary (Madlener, 2009) with UNEP 
introducing the use of life cycle analysis to the interested parties in the developing 
countries. A satisfying progress is likely to be accomplished if technical and financial 
frameworks support LCA programs. Towards this direction, big enterprises enter into 
“sustainability agreements” with the interested parties being in the interior of the 
developing countries. These agreements aim at production methods to satisfy the 
environmental standards with a simultaneous technical and social uphold.  
Another program by the UNEP was launched in 2008, the UNEP-led Green Economy 
Initiative. Mainly concentrating upon developing countries (China, Kenya, Uganda, 
Life-cycle initiative 
LCA LCI LCM 
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Brazil, India, Nepal, Ecuador and Tunisia) the program aims at providing the 
analytics and policy support for promoting green economy 
(www.unep.org/greeneconomy/ ). 
 
4.2 Applications of LCA  
LCA is a young and evolving method, with those three organizations above being the 
places where the steps towards innovation and development first took place. Some 
fields were the methodology of LCA has been developed are mentioned below: 
 Academic study and research: research groups, academic curriculum, PhD 
theses, scientific journals 
 At national level , some countries have their own LCA programs 
 Studies for software and database 
 
The purpose of LCA (ISO 14040:2006) 
As it is defined in the ISO 14040:2006 an LCA study can assist in: 
 Detecting  prospects for developing the environmental performance of 
products at several phases of their lifetime 
 Providing  information to the decision makers of the interested parties 
 Choosing applicable indicators of environmental performance, as well as 
measurement methods 
 Marketing  
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LCA as a linear exercise 
LCA can be written as a matrix form containing a number of equations, as follows: 
                          (   )
       (1) 
 
where,       is the life cycle impact 
   y is the functional unit 
   I-A is the matrix of production, use and disposal processes that 
               contributes to the production life-cycle(physical or economic flows) 
  S is the table of emissions factors per unit process 
  C is the table of characterization factors per impact category 
 
The above model is flexible in order to be applicable for a wider use in different 
systems and therefore a number of goods to be compared. In table 1 a list of a number 
of applications is presented, where in table 5.2 a nomenclature for the equations is 
listed.  
 
 
     (   )
    Environmental impacts of a basket of goods 
        (   )
     Environmental impacts due to consumption 
     (   )
   ̂   Pollution intensity of money for different goods, 
activities, or functions 
     (   )
    Pollution intensity of time, for different 
activities, where F represents the goods used per 
hour of activity 
     (   )  (  
    
       Effect of a consumption pattern change 
Table 5.1:Options for using LCA (Source:Hertwich) 
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symbol dimension explanation 
   Number of processes described by the LCA, where each 
process has a product output 
   Number of stressors taken into account 
   Number of impact categories in the assessment  
   Number of groups of households 
A     Process matrix 
S     Stressor matrix 
C     Characterization factor matrix  
y     Final demand/functional unit 
H     Consumption pattern matrix  
H     Consumption pattern of a specific population 
P     Population structure vector  
      Identity matrix 
       Environmental impact of consumption 
          Environmental impact of consumption of a region/nation 
      Product-activity matrix 
      Price of each product 
 Table 5.2: Matrices, vectors and indices used (source: Hertwich) 
 
 
4.3 LCA studies and the rebound effect  
Studies for the rebound effect based on LCA 
There are some studies that have been based on input-output tables in order to shape 
the model of the rebound effects. Howells et al. 2010 evaluated the emissions rebound 
effect
24
 in the Korean electricity system based on hybrid input-output approach along 
with an optimizing energy system model. The rebound effect was related with 
economy-wide use of electricity and GHG emissions derived from the replacement of 
high-priced and GHG releasing natural gas (LNG) power plants with plants that were 
both cheaper and friendlier to the environment plants.  Three different scenarios were 
compared at this point; a reference scenario, a mitigation scenario and a mitigation + 
                                                          
24
 It is taken to mean the increase in emissions due to the introduction of some measure which is 
lower in cost and emissions than business as usual practice. 
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rebound scenario and result in an emission rebound of 12%. This method apart from 
advantages, such as the fact that comprises and signalizes several economic relations 
with the energy system in a comparatively obvious and apprehensive way, has also 
got some flaws, such as the fact that it is applicable only to the long-run energy 
supply rebound effects and also it does not take into account the impacts of energy 
efficiency enhancements in energy consumption.  
Another paper by Guerra and Sancho (2010) put into service input-output data and 
methods in quite a different way, with the purpose to examine the rebound effect 
within the Spanish economy. The uncommon method used in this paper was grounded 
on the fact that apart from potential energy savings, actual energy savings should also 
have their quantity identified within the general equilibrium conditions. Thus, 
possible alternations in energy prices by virtue of energy efficiency improvements are 
being taken into account while limitations regarding the figures of efficiency in the 
production sector is one of the research’s weak points. This alternative approach 
concluded in economy-wide rebound effects downwardly weighted, while on the 
contrary, backfire effects appeared to be weighted upwardly. 
The study carried out by Thomas (2011) estimates the economy-wide rebound effect 
in the US derived from the influence of energy efficiency investments on several 
products and related with fuels. As this instance, the rebound effect is estimated, when 
a comparison between the actual savings (AES) and the potential savings (PES), 
always in terms of energy or emissions savings, is posed (           ). The 
outcome of this analysis points out that emissions rebound effects are greater for 
efficiency investments  in the case of minor levels of GHG-intensity fuels than in the 
case of raised levels of GHG-intensity fuels (because of the re-spending effect). As 
we can see in the table 5.3, the results for the economy-wide rebound effects in the 
case of electricity efficiency improvements are less than those obtained through 
gasoline efficiency improvements. In detail, economy-wide effects due to income 
elasticity or proportional spending may range from 6% to 7% for electricity efficiency 
improvements while in the case of gasoline efficiency improvements the effect may 
reach a percentage of 25%. The probability of backfire looks minor because of the re-
spending effect.  
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 Electricity Efficiency Gasoline Efficiency 
 Economy-wide Rebound Economy-wide Rebound 
Lower Bound 1% 2% 
Income Elasticity 6% 25% 
Proportional Spending 7% 25% 
Upper Bound 20% 76% 
Table 5.3 Economy wide-rebound effects 
LCA of illuminants 
Inefficient lamps account for the 70% of the total energy spent in lighting, fact that 
led European legislators to take action on this. Thus on 1 September 2009 according 
to European legislation, an action that aims at phasing-out less efficient light sources 
has started. Therefore, European citizens will have to replace their conventional lamps 
with others, more efficient. It is believed that due to the fact that up to now light-
emitting diodes (LED) lamps are five times more efficient than incandescent lamps, 
number that will increase up to ten in the future, the percentage of energy needed will 
be significantly reduced.  
Osram, a big company activated in the field of lamps, and Siemens Corporate 
Technology, Center for Eco Innovations, motivated by that  in 2009 conducted an 
LCA analysis (based on ISO 14040 and ISO 14044) comparing compact fluorescent 
(CFL), incandescent lamps (GLS) and LED lamps.  
The analysis includes five life stages: 
 
1. The production of raw materials 
2. Manufacturing and assembly 
3. Transporting 
4. Use  
5. End of life 
 
During those stages of a lamp’s life the energy needed is expressed as cumulated 
energy demand (CED) or primary energy demand (measured in MJ or kWh), meaning 
the energy embodied in physical resources, such as coal, gas or wind, without any 
anthropogenic involvement.  
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After studying and analyzing the five life stages for each lamp it was found that more 
energy is consumed during the use phase, with the manufacturing phase and 
transportation (less than 1% of energy consumption) following. In the cases of LED 
and CFL the magnitude of primary energy consumed during the whole lifetime was 
estimated around 667 kWh whereas in the case of GLS was 3302 kWh, almost five 
times higher. Therefore, for 25.000 hours of life CFL and LED need 200 kWh while 
GLS need 1000 kWh of electricity, fact that can lead to 80% less electricity 
consumption.  
 
Generally, the field of lamp is very interesting to be studied, and thus a lot of papers 
have focused their analysis in that field since 1991 (table 5.4).  
 
Table 5.4: LCA studies on lamps 
Paper title Author Year 
Lamp types 
GLS CFL LED 
Life-cycle Analyses of Integral Compact 
Fluorescent Lamps Versus Incandescent 
Lamps 
 
Technical 
University of 
Denmark 
 
1991 X X  
Comparison Between Filament Lamps and 
Compact Fluorescent Lamps 
Rolf P. Pfeifer 1996 X X  
The Environmental Impact of Compact 
Fluorescent Lamps and Incandescent Lamps 
for Australian Conditions 
University of 
Southern 
Queensland 
2006 X X  
Comparison of Life-Cycle Analyses of 
Compact Fluorescent and Incandescent 
Lamps Based on Rated Life of Compact 
Fluorescent Lamp 
Rocky 
Mountain 
Institute 
2008 X X  
Energy Consumption in the Production of 
High-Brightness Light-Emitting Diodes 
Carnegie 
Mellon 
University 
2009   X 
Life-Cycle Assessment and Policy 
Implications of Energy Efficient Lighting 
Technologies 
Ian Quirk 2009 X X X 
Life-cycle Assessment of Illuminants - A OSRAM, 2009 X X X 
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Comparison of Light Bulbs, Compact 
Fluorescent Lamps and LED Lamps 
Siemens 
Corporate 
Technology 
Life-cycle Assessment of Ultra-Efficient 
Lamps 
Navigant 
Consulting 
Europe, Ltd. 
2009 X X X 
Reducing Environmental Burdens of Solid-
State Lighting through End-of-Life Design 
Carnegie 
Mellon 
University 
2010   X 
Life-cycle Energy Consumption of Solid-
State Lighting 
Carnegie 
Mellon 
University, 
Booz Allen 
Hamilton 
2010   
X 
 
Life-Cycle Assessment of Energy and 
Environmental Impacts of LED Lighting 
Products 
Michael J. 
Scholand and 
Heather E. 
Dillon, Ph.D. 
2012 X X X 
 
 
In the last paper, a comparison among all the studies takes place resulting in very 
slight differences among them regarding the energy consumption. 
All of these studies can be used as a guide regarding potential gains derived from 
energy efficiency improvements. Nevertheless, an LCA analysis is not enough by 
itself, but measures should be taken by the competent bodies in order consumers to be 
informed and persuaded to adopt a different consumer behavior.  
To conclude, generally speaking including rebound effect into an LCA raises some 
challenges. Initially, by adding the rebound effect the complexity level of the 
procedure will be increased. Also, methodological restrictions will arise regarding the 
identification of the technologies that are influenced. Moreover, in the case when 
collection of data for marginal parameters is needed there are also some limits 
because of the lack of such data.  Finally, by including rebound effects into an LCA 
the level of uncertainty increases.  
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Chapter 5 
Mitigating the rebound effect 
Since energy efficiency is one of the most vital components of the measures towards 
mitigation of energy consumption, and therefore the rebound effect, policymakers 
should pay special attention to the role of energy efficiency in the variance of the 
policies. There are three ways that contribute to the obstructing of the rebound effect 
via energy efficiency improvements: (1) induce alterations in consumer’s preferences 
and behavior, (2) apply technological means of measurement and thus differentiate 
the conditions that the consumers come across when attempting to acquire energy 
efficient devices and (3) policies based on prices.  
5.1 Technology-oriented policies 
The “technology-focused measures” are measures that aiming at promoting energy 
efficiency and energy savings by solely introducing technologies and inventions that 
soar energy output per unit of input. In these measures there is no involvement of 
campaigns that deal with the behavior of the consumer’s after the introduction of 
energy efficient technologies has taken place.  
The role of government can prove to be crucial for the implementation of such 
measures. As Vicki Norberg-Bohm (2002) has noted, government plays a pivotal role 
in the introduction of innovative energy technologies. Introducing several measures 
which can bring into use supply-push and demand-pull actions simultaneously is the 
most important factor to success. According to her paper research and development 
(R&D) incentives in universities and public-private partnerships are some of the 
possible supply-push actions while niche market creation and optimization and 
enforcement of the infrastructure are two cases of demand-pull actions. Both actions 
are very important due to the existence of market failures during the whole innovation 
procedure in the energy sector (Norberg-Bohm, 2002) while a mistaken synchronizing 
of them, will probably end in inefficient results (Norberg-Bohm, 2002; Albrecht & 
Laleman, 2011).  
Their advantages and disadvantages are discussed below:
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1.1 Advantages 
Actions focusing upon technologies are mainly being distributed due to the necessity 
to encourage innovations and create novel, cost-competitive inventions in the long 
term. As it has noted by the International Energy Agency “It is only through 
technology learning from research, development, demonstration and deployment 
(RDD&D) that costs can be reduced and technologies can become economic.” When 
it comes to energy efficiency, higher energy savings are accomplished only if the use 
of cost-competitive energy efficient technologies and practices is encouraged.  
Moreover, the majority of the cost-competitive energy efficiency improvements 
“produces” minor rebound effect in the residential sector, in some cases of energy-
intensive devices, such as air-conditioners that result in higher rebound effect. 
Whichever the case, the rebound is impossible to be greater than 100% and thus 
society will always have a benefit.  
Standards 
As we have seen the direct rebound effect derived from the utilization of standardized 
consumer products and services is relatively small, around 30% and thus the 
remaining percentage (70%) belongs to the energy savings. Thus, if standards are 
successfully imposed, with those who do not comply with them being punished, a 
determent of the introduction to the market of any environmentally harmful devices 
will probably be successfully achieved. Furthermore, as an example if energy bills do 
not provide the opportunity to deliver (read) energy consumption per device, 
consumers most of the times do not realize the amount of energy a specific device 
consumes. In the case of a consumer substituting his old device for a new one, 
information and advice about the amount of energy consumed by each device is 
necessary in order for the rebound effect to be prevented. Thus, the introduction of 
standards can prove to be an effective method to mold the consumers’ selections at a 
secondary level as inexpensive and inefficient residential appliances will not be at 
their disposal anymore.   
Even if taxes and standards can have almost the same results (ignoring potential 
differences in enforcement costs), an environmental goal is likely to be achieved via 
the use of standards in the place of taxes, especially in the case of a consumer’s 
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demand for a product or a service being an inelastic w.r.t. price. As alternations in 
prices do not seem to have a great impact upon the consumer’s behavior the use of 
standards is the easiest way to achieve environmental targets.  
1.2 Disadvantages 
A short-term unreliable technology policy framework of a country is not the 
appropriate surroundings to attract the pre-required investment actions on the part of 
private sectors in order to encourage innovation. Moreover, some extra burden is 
likely to be adjunct upon the effectiveness of technology oriented policies, accruing 
from a possibly incoherent technology policy or totally needless bureaucracy.  
In addition, the way in which the predicted energy savings are being offset in several 
either direct or indirect ways, charges the technology oriented policies with another 
flaw. The gap between the predicted energy savings and the actual ones, can have a 
great impact upon the returning to energy efficiency investment. However, most of 
the researchers have concluded in that any possible loss brought about through 
rebound effects will be with certainty lower than 30% of the predicted energy savings.  
Moreover, the greatest part of the purely technological methods highlights the cost-
effectiveness of the energy efficient equipment in order to attract investments. As a 
consequence, policy makers encompass some economic inducements, pre-supposing 
that all consumers act rationally, computing their energy costs and juxtaposing them 
to the actual consumer’s disposable income. Unluckily, Turrentine and Kurani (2007) 
have noted there is no consumer to take effectively into account all the possible 
parameters of cost payback or net present value calculations at the moment of 
decision which appliance to buy.   
Standards 
One of the main drawbacks of putting the technological standards into practice is the 
fact that they result in a rebound effect and even if its magnitude is of minor 
importance, its appearance is better to be deterred. Moreover, there is no 
encouragement to additional progress of sustainability relating to the environment 
beyond the scope of the standard. What is more, the implementation of standards 
brings to the surface additional costs, such as the transaction or the enforcement ones, 
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meaning that it should be examined whether in the end these standards can offer any 
benefit to the society as a whole or not.  
There exist some papers (Calwell 2010, Harris et al. 2010) indicating that standards 
ought to be put into service in a progressive way. The key point of this idea 
concerning progressive efficiency, is that the level of energy efficiency should present 
some increase –and not stagnancy- as the magnitude of energy consumption increases 
too. Some of the energy efficiency conditions have accidentally assisted in “feeding” 
conspicuous consumption by systematically selecting linear efficiency standards. 
Actually, what consumers anticipate for through technology oriented policies, is to be 
urged towards goods that will guarantee them money saving,  while at the same time 
can be environmentally friendly, which is the main reason why in no case should an 
efficiency standard present any linear or discontinuous characteristic (Calwell, 2010). 
5.2 People-oriented policies 
Another type of policies that can contribute to the mitigation of rebound effect is 
people-centered actions since the amount of energy consumption is mainly affected 
by human behavior; lifestyle, habits, social class, education etc. Thus, it has been 
commonly accepted that measures whose main target is to encourage consumers to 
save energy, in combination with energy efficiency improvements, will eventually 
mitigate rebound effects.  
Behavioral and social measures made their first appearance during the late 1980s, but 
in the 90s, policies did not include such measures. Eventually their popularity begun 
to increase during the last five years with numerous papers dedicated to them. People-
oriented practices maintain as their key goal the formation of energy-related behaviors 
via influencing the social, cultural and environmental features (Laitner & Ehrhardt-
Martinez, 2010).  
Energy efficiency enhancements can be used as a tool in the people-oriented policies 
for the sake of the achievement of social and environmental targets.  Their attention is 
placed upon the identifying of the parameters which are possible bring abount 
alternations in the demand for energy services. There are several studies indicating 
that including social and behavioral insights to the energy-target measures can 
contribute to the elimination of the difference between actual and predicted energy 
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savings. Therefore, researchers from various fields (energy economics, sociology and 
econometrics) should cooperate “in the name of” the evolution of this area (Ehrhardt-
Martinez, Laitner, Donnelly, 2010). 
Except for those policies related to the government, the private sector should also hold 
a key role, via private initiatives or even a partnership between the private and the 
public sector. Policy makers can achieve greater magnitudes of energy savings if 
human dimensions of energy consumption become clearly understood, especially in 
the commercial and the household sector.   
This promising type of policy has already been taken into account in the European 
Commission’s Directives (2006/32/EC); more specifically, each member state is 
obliged to provide information about energy efficiency tools and economic and legal 
agendas constructed with the intention to fulfill a national energy savings goal.  
In fact, people-oriented policies are separated into two categories of programs; the 
traditional behavior actions and integrated people-oriented actions (Laitner & 
Ehrhardt-Martinez, 2010a). Their main difference is that traditional behavior actions 
try to make it clear in which way novel technologies are gradually disseminating 
among people and come up with even more ways of accelerating this spreading, while 
integrated people-oriented actions have taken a step further  on and attempt to identify 
the parameters that are likely to affect the demand for energy services.  
Apart from the special attention paid to the increasing energy efficiency, emphasis has 
also been put upon practices that aim at conservations, curtailment and a hopeful 
elimination of waste. Thus, sustainability and acute energy management are being 
promoted so that quality of life is elevated and energy use reaches the most minimized 
possible levels.  
2.1 Advantages 
There are numerous studies supporting that great energy savings can be achieved after 
the presence of energy efficiency investments and thus mitigate the rebound effects. 
More specifically, people-oriented measures aiming at energy savings can result in 
reductions in personal transportation and household buildings by 25% (Leighty & 
Meier, 2010; Laitner, Ehrhardt-Martinez and Poland-Knight, 2009). Moreover, a 
research made by Dietz et al. (2009) has shown that within a decade in the U.S. 123 
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million metric tons of carbon could have been avoided annually, if behavioral 
measures had been introduced, or else, at least a 20% of the emissions produced by 
households, if active non-regulatory interferences had taken place. Thus, the U.S. 
emissions are possible to be reduced by 7.4% in total, a percentage that is slightly 
greater than the aggregate emissions of France.  
In contrast to other policies, people-oriented measures do not assume that the 
consumer acts in a rational way, a fact which is considered to be their main 
advantage. Numerous papers can be found, supporting that consumers do not always 
act according to their personal interest and undoubtedly, do not necessarily behave 
rationally, two hints which contradict with the idea of the “homo economicus”. 
Studies have shown that consumers turn to energy saving basically urged by financial 
incentives and secondarily due to environmental worries. In the case of Europe, 
people who do not adopt measures to save energy, such as installing a more efficient 
appliance, the blame cannot be put upon high costs, as it happens with the American 
consumers, but on laziness and unawareness. The absence of appropriate information, 
large initial costs and an inexplicable doubtfulness whether it would be beneficial for 
the environment are some of the reasons that complete the list.  
IEA in 2010 for the first time, in Energy Technology Perspectives contained an entire 
chapter to technology selections and behaviors and their impact on energy use. A fact 
which underlines the possibility of policies oriented towards the consumers to reduce 
energy consumption. 
Another important parameter for those policies is the provision of feedback to the 
consumers which will let them realize the actual energy savings and as well as any 
possible cost savings and thus they will continue to act towards an efficient direction.  
A very interesting research by Ehrhardt-Martinez et al. (2010) in three continents has 
shown that energy consumption can be reduced by 4-12% if feedback is used as a tool 
for people-oriented policies. In the same study, the authors concluded in that the most 
of the energy gains derived from the tool of the feedback have their roots in 
alternations in the behavior and not in investments. This conclusion comes into a 
complete contrast to the basis of the technological-oriented policies. If a consumer has 
adopted a novel behavior, he/she will remain “faithful” to it until he/she recognizes 
that it is mistaken or ineffective, while investments in energy efficient appliances do 
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not automatically affect the consumer’s behavior. Investments in energy efficient 
products can even have a negative impact on the consumer’s behavior regarding the 
environmental viewpoint, unless some behavioral actions are taken that will arouse 
the understanding and awareness of the consumers concerning the harmful emissions 
and ecological footprint.  
Noble environmental and public concerns are also some of the factors that motivate 
consumers to adopt another behavior. To conclude, consumers do not only worry 
about their energy bills, but also about the quality of the environment. Remarkably 
too, these alterations in behavior present a significant duration over time. These 
conclusions consist a considerable proof of the assumption that traditional energy 
efficiency measures will probably not achieve wholly the target of energy saving 
strategies, since the behavior-oriented energy savings are simply not succeeded. Even 
if financial inducements are included within the policies, most of them tend to focus 
on self-centered motivations and consequently, they do not incorporate the full 
compass of a consumer’s behavior.  
2.2 Disadvantages 
The fact that traditional behavioral measures attempt to reduce the rebound effect 
(direct or indirect) after an investment has taken place, is the most noticeable 
disadvantage. Thus, possible rebound effects will not be deterred in the present but 
consumers will be encouraged to change their behavior in the future.  
A flaw that concerns all types of people-oriented policies is that they suffer from an 
extra cost; the cost of seeking to adapt general policy ideas to each person separate. 
Furthermore, often the most innovative equipment is used and there is made an 
attempt to change the consumers’ behavior through developing the closest possible   
collaboration.  
An additional drawback is that it is difficult to assess the results of such policies. The 
recognition of the effects of the energy savings both at a behavioral and a 
technological level is almost impossible and as a result, the effectiveness of people-
oriented policies cannot be figured with numbers.  
Last but not least, another tool towards the path of energy conservation is the use of 
normative social norms (Nolan et al. 2008 and Schultz 2010). Nolan and Schultz 
Approaching and analyzing the rebound effect  
towards sustainable development   Mitigating the effect 
[109] 
 
papers have noted that the neighbors’ behavior can have a significant effect on the 
people’s behavior regarding issues of energy conservation. To conclude, along with 
education and traditional information practices, social norms, feedback and target 
setting actions should also be included.  
5.3 Price- or tax- oriented policies 
The most usual concept for the mitigation of the rebound effect is the introduction of 
policies that aim at increasing the price of energy products or services, after energy 
efficiency improvements have been introduced. Avoiding the decrease of marginal 
cost of energy services when the productivity of an energy service has already risen 
will probably work as an obstacle to the occurrence of the rebound effects. Thus, 
actual energy savings will eventually become equal to the predicted ones, and in some 
cases go even beyond them as long as energy efficiency improvements are similarly 
induced in other sectors, too, through secondary effects.  
3.1 Advantages 
It is commonly accepted that the present prices of energy products do not reflect the 
real price for numerous reasons. To begin with, the consumption of energy products 
produces some externalities that typically are not included in their price. Also, the fact 
that in many countries the government has a crucial role as a subsidizer of the energy 
sector, generates a mistaken price signal which influences the people’s behavior. 
Thus, increasing prices of energy products is essential so that overconsumption is 
prevented in such countries. With the absence of higher prices or additional taxes, 
people will be influenced by incorrect information about energy products.  Also, 
government can be benefited by such measures because its revenues will increase and 
the additional money can be used for the accomplishment of goals regarding 
sustainability.  
It is also vital to mention that the majority of the devices and products that are energy 
intensive have got a lengthy life cycle. For instance, passenger cars are replaced 
within the period of 10 or 15 years, while heating equipment remains in function for 
30-40 years (Albrecht 2007 p.127). Thus we can easily assume that if the cost of 
acquisition of an energy intensive product is higher, it will take a long time to 
substitute all inefficient appliances for the more efficient ones. Fiscal policies could 
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encourage households to change their inefficient appliances, much sooner than 
awaited.  
Within the area of Europe, financial measures, such as environmental taxes, have 
already been introduced for the achievement of environmental targets. For instance, in 
the regulation about new cars is being noted that “the legislative framework should be 
compatible with the overall objective of reaching the Community’s Kyoto targets and 
should be complemented by other more use-related instruments such as differentiated 
car and energy taxes (Regulation (EC)443/2009).” 
3.2 Disadvantages 
There are papers supporting that implementing a carbon tax in an energy intensive 
product can have a negative impact on the growth of the economy (Ayres & Warr, 
2009). Ayres and Warr have stated that economy-wide rebound effect and economic 
growth are two terms representing the same mechanism. Energy efficiency 
improvements cause the reduction of prices of energy services, a fact which increases 
the demand. Enhanced demand boosts investments, supply and still lower costs (due 
to economies of scale and know-how). If prices become higher through imposing a 
carbon tax this reaction of acceptance is likely to be distorted along with economic 
growth (Ayres & War, 2009). 
Finally, this kind of taxes may mislead people to consume products that are not 
environmentally friendly. Thus, possible impacts on the environment and the society 
should be taken into account during the stage of planning the measures. 
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Conclusions 
The subject of the rebound effect is a very diffusing area of study because of the 
unclear definitions regarding the effect and the complexity of the methods used for its 
estimation. In this paper, there has been made an attempt towards the clearest possible 
definition of all the three dimensions of the effect, the direct, the indirect and the 
economy-wide, while an extensive literature review regarding the effect has been 
considered as essential, in order for the whole range of factors affecting the 
estimations to be clarified. The main part of the analysis is dedicated to the direct 
rebound effect and the econometric studies concerning the sectors of personal 
transportation and household heating, primarily because of the great number of 
studies that have already been conducted.  The studies regard mainly cases of 
developed countries, where theoretically speaking, the magnitude of the rebound 
effect seems to be lower than that of developing countries. The extensive analysis 
aims at specifying the variety of definitions regarding the effect, several factors that 
affect its magnitude and the different elasticities used in the calculations.  
Under specific conditions, own-price elasticity of energy demand for a single energy 
service/product is the appropriate indicator of an upper bound for the direct rebound 
effect. Concerning the OECD nations, the demand for energy is basically inelastic so 
the long-run direct rebound effect is not more than 100% in the most of the cases of 
energy services.  
Literature review points out that direct rebound effect regarding the sector of personal 
automotive transportation can range from 10% to 30%, findings that are considered to 
be robust and of great confidence, despite the wide range of methodologies and the 
type of data that were used. There are some clues indicating that the level of the direct 
rebound effect reduces as income rises, but there are not strong enough to determine 
the great variety among different nations.  
On the other hand, the sector of space heating does not result in vigorous and reliable 
outcomes, chiefly because this sector is a little more complicated and also suffers 
from a lack of sufficient attention. There is a vast fluctuation among the results, with 
the lowest rebound effect to be 1.4% and the higher 60%. However, the parameter of 
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income seems to affect the rebound effect in a positive way, since low-income groups 
tend to produce greater magnitudes of direct rebound effect.  
Other household energy services, such as space cooling, water heating and clothes 
washing, result in smaller rebound effects in comparison to space heating. 
Unfortunately, we do not have a great amount of studies concerning these fields at our 
disposal, since various obstacles tend to obstruct measurements. The two studies that 
have been engaged to space cooling result in a direct rebound effect ranging between 
1%-26%, but they haven’t taken into account certain parameters, such as the 
“marginal consumer”, proceeding into his first-ever purchase of space cooling 
appliances. Concerning the field of washing machines, the magnitude of the direct 
rebound effect is 5%, a percentage which is representative of numerous time-intensive 
energy services, such as those supplied through dishwashers. 
It is commonly agreed that all econometric studies should be conducted with 
carefulness. As Dahl (1993) has noted: “…. despite our attempts, it appears that 
demand elasticities are like snowflakes, no two are alike.” Demand reactions for an 
energy service can be affected by energy prices or the roots of the fluctuations in 
prices.  
Assumptions such as the changes in energy prices will possibly have a similar impact 
upon the demand to that of an energy efficiency improvement, but in opposite sign 
while also the fact that energy efficiency is an exogenous factor is possible to lead to 
biased results.  
Regarding the case of indirect rebound effect, attention has been paid on its nature 
and not on the empirical studies. This occurred mainly because indirect rebound effect 
is a more complex mechanism and also the number of studies about the indirect 
rebound effect is not great. Embodied energy effect related with capital equipment 
seems to lose its significance comparatively with the enduring energy savings in 
progress, as the time period of the investment raises.  Moreover, special attention has 
been offered to the factors affecting the empirical results, with the chosen boundaries 
of the system, data and methods used for the analysis of the effect being the most 
important. Secondary effects have also been discussed and ended up with the 
conclusion that secondary effects are of minor importance (one tenth of the direct 
effect), since the expenses regarding energy are less than 15% of a consumer’s total 
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expenses while also energy for most enterprises consists only a small percentage of 
the entire production expenditures.  
Economy-wide rebound effects constitute a significant part of this paper. Regarding 
the empirical estimations of the effect special attention should be paid mainly to three 
issues; the endogenous parameter of energy prices (if energy is measured in physical 
units), the parameter of elasticity of the demand for energy and finally the elasticity of 
substitution of inputs during the production process. Regarding the elasticity of 
substitution, four different types of nested production functions are identified with an 
unusual unitary elasticity causing the occurrence of backfire and not the presence of 
nested production function. Moreover, the magnitude of the rebound effect can be 
affected by the labor market and to be more specific, increases when employment 
expands, because of a growth in labor supply due to augmented real wages. Last, the 
way in which government revenues from environmental taxes are recycled, has got an 
impact on the formation of the effect.  
A brief analysis of the meaning of sustainable development and its history was 
essential since it is inextricably related to energy efficiency and consequently rebound 
effect. Complying with the trends and policies towards sustainable development will 
have as an effect the current reduction of the rebound effect. More specifically, as 
improvements in energy efficiency increase energy productivity, less amount of 
energy can be used in the production process while the level of output remains the 
same. On the other hand, if energy efficiency leads to a greater consumption of 
energy, energy taxes might be imposed in order to deter extra consumption of energy, 
while deep consideration should be given to the way in which government recycles 
the revenues from taxes, in order to avoid the appearance of direct or indirect rebound 
effects. 
As many researchers have based their studies upon LCA, a short analysis of its 
evolvement throughout the years and its contribution to the examination of the 
rebound effect could not be omitted. Including rebound effect into an LCA is possible 
to arouse some challenges, such as increasing the complexity level of the procedure 
and the appearance of the methodological restrictions regarding the identification of 
the technologies that are under its influence. Moreover, in the case of the collection of 
the appropriate data for marginal parameters it is needed that there are also some 
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limitations, because of the lack of such data.  Finally, through including rebound 
effects into an LCA the level of uncertainty increases.  
Following, after having analyzed the rebound effect, policies that can contribute to its 
mitigation are under discussion. Three types of policies are being discussed; 
technology-oriented policies, people-oriented policies and price- or tax- oriented 
policies. In short, by informing correctly consumers about energy consumption and its 
possible effects on the environment and “teaching” them how to manage consumption 
in a smart way along with correct pricing methods of energy, will undoubtedly 
contribute to the mitigation of the effect. Underpricing of energy should be avoided 
and governments should adjust taxes to avoid the reduction of marginal energy prices 
after the introduction of energy efficiency improvements. Moreover, putting into 
practice standards will probably end up with beneficial results, regarding energy 
products/services whose demand is inelastic.  
To conclude, the several phenomena known as "rebound effects" can be characterized 
as subtle and very demanding in their analysis. Moreover, thorny topics deriving from 
them need to be further researched. For instance, energy researches should stop 
assuming that efficiency improvements lead in direct and linear decreases in energy 
consumption. Before sensibly addressing vital issues, it is essential to realize the 
numerous ways rebound works. After that, researches from several fields should 
cooperate and concentrate on developing tools estimating the effect, in its various 
expressions, and also to develop mechanisms and policies that will contribute to more 
effective mitigation of the effect. 
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